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The unique luminescence properties of lanthanide(III) [LnIII] ions render them useful in 
applications such as imaging, sensing, security inks and telecommunications.  
Consequently, materials containing these ions continue to be extensively studied. 
The synthesis of II-VI semiconducting and fluorescent carbon nanoparticles (NPs) was 
achieved. The NPs were decorated with LnIII ions and successfully used as optical antennae 
to sensitize the metal-centered luminescence. Despite the metal-centered luminescence, the 
energy transfer from the NPs to the LnIII ions was inefficient, leading to low quantum yields 
of LnIII emission. However, we showed for the first time, through this work, energy transfer 
directly from a NP to surface-coordinated LnIII ions. 
Two new functionalized polycarbonate materials, one with a pyridine-2,6-bis(ethyl)ester 
(BEP) chromophore and the other with a pyridine-2,6-bis(diethylamide) (BDP) 
chromophore appended to a polycarbonate-backbone were synthesized. The materials were 
successfully used to chelate LnIII (Ln = Eu, Tb or Tm) ions and sensitize their 
luminescence. Emission efficiencies of 30% and 31% were measured for the EuIII and TbIII 
systems of BEP, respectively, while an emission efficiency of 2% was determined for both 
the EuIII and TbIII systems of BDP. In addition, the BEP polymer sensitized blue TmIII-
centered emission. A blend of the polymers and their LnIII-containing systems were used 
to generate white-light. 
Finally, the BEP polymer was used to protect LnIII-doped ZnAl2O4 NPs from vibrational 
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1.1 Chemistry of the lanthanides 
The discovery of the lanthanides began with the isolation of yttrium oxide from a mineral 
obtained by Johan Gadolin from a quarry in the small town of Ytterby, Sweden in 1794.1 
However, it was not until 1949 that the last of the lanthanides was discovered, following 
the invention of the spectroscope and the introduction of spark spectroscopy.1  
The lanthanides are positioned in the fourth row of the periodic table. In their common +3 
oxidation state, the ground electronic configuration is [Xe]4fn-1. The 4f orbitals of the metal 
ions are shielded from the ligand field by the filled 5s and 5p orbitals, as shown in Figure 
1a. Thus, transitions within the 4f orbitals, which give rise to luminescence, lead to color-
pure, narrow, line-like emission bands (FWHM = 10 nm).2, 3 In organic chromophores, 
excitation lengthens the chemical bonds, resulting in broad emission bands (FWHM > 100 
nm) and large Stokes’ shifts as shown in Figure 1b, but due to the ionic nature of the metal-
ligand bond, excitation of an electron to a higher energy 4f orbital leads to a small Stokes 
shift.3  
a)   b)  
Figure 1. a) Radial 4f, 5s and 5p wavefunctions of PrIII as a function of distance from the atomic nucleus4 and 
b) configurational coordinate diagram showing absorption and emission transitions for an organic 
chromophore (left) and a LnIII ion (right).3 
2 
 
The LnIII emission bands cover the whole range of the visible spectrum, from UV (GdIII) 
to visible (PrIII, SmIII, EuIII, TbIII, DyIII, TmIII) and the near-infrared (PrIII, NdIII, HoIII, ErIII, 
YbIII).2 The partial energy level diagrams of some of these ions are shown in Figure 2. 
 
Figure 2. The partial energy level diagrams of the aquo LnIII ions.5 The ground state energy levels are shown 
in blue, and the emissive levels are shown in red. 
 
The f-f transitions of LnIII ions are Laporte forbidden, leading to long emission lifetimes 
(s to ms) and low molar absorptivities ( = 1 M-1 cm-1). As a result of the low molar 
absorptivities, direct excitation is an inefficient process.1 Thus, LnIII ions are often 
coordinated to organic ligands that, when excited, can transfer energy to the emissive level 
in a process known as the antenna effect or sensitization.6 The antenna effect was first 
described by Weissman in 1942 who observed strong red EuIII emission when complexes 
with salicylaldehyde, benzoylacetonate and their related ligands were excited in the 
absorption bands of the ligand.6 These results increased interest in sensitized luminescence 
as well as the design and synthesis of organic ligands.2, 5, 7, 8 The sensitization mechanism 
3 
 
in a LnIII complex, as shown in Figure 3, begins with the population of the ligand excited 
singlet level, 1S, from which the energy can be transferred to the ligand’s excited triplet 
level, 3T, via intersystem crossing (ISC).1 Depending on the relative positions of the ligand 
excited 1S and 3T levels, energy transfer (ET) to the emissive excited f* levels of the LnIII 
ions occurs and subsequently, sensitization of LnIII-centered luminescence (Figure 3).1, 9 
Energy back transfer (BT) from the f* excited level of the LnIII ion to the ligand ensues if 
the energies of these levels and the 3T level of the ligand are close in energy. For example, 
Latva and co-workers10 determined that energy back transfer occurs when the energy 
difference between the 5D4 level of Tb
III and the lowest 3T level of the ligand is less than 
~1850 cm-1, while efficient energy transfer is achieved when the energy gap between the 
ligand’s 3T and EuIII emissive 5D0 level is between 2,500 and 4,000 cm
-1. High energy 
oscillators such as C-H, N-H and O-H from the organic ligands and solvents provide 
competing non-radiative (NR) quenching pathways, which decrease the overall emission 
efficiency.1, 9 
 
Figure 3. Energy level diagram illustrating the sensitization mechanism of LnIII ions. 1S and 3T are the ligand’s 
excited singlet and triplet levels, respectively, F is fluorescence, P is phosphorescence, L is luminescence, 
NR are non-radiative pathways, ISC is intersystem crossing, ET is energy transfer, BT is energy back transfer, 
IC is internal conversion, and f* and f’* are the LnIII ion’s excited levels.9  
4 
 
Two mechanisms can be used to explain energy transfer from donor (D) to acceptor (A), 
the Dexter and Förster mechanisms.2, 9 The Dexter mechanism is a charge transfer process 
from the D to A over a short D-A distance with an efficiency proportional to e-rDA. 
However, the transfer of energy between a ligand and a LnIII ion is commonly accepted to 
occur through a Förster mechanism.2, 9 This is because the Dexter mechanism requires that 
the 4f orbitals of the LnIII ion overlap those of the ligand (Figure 4), yet this is less likely 
to occur as the LnIII-ligand bond is ionic.9 The Förster mechanism or Förster Resonance 
Energy Transfer (FRET) is a dipole-dipole, non-radiative energy transfer process between 
the D and A. It ensues when the electronic transitions from the excited level to the ground-
level manifolds of the D are in energetic resonance with the electronic transitions from the 
ground-level to excited levels of the A over a 1 – 20 nm D-A distance, rDA (Figure 4).
11, 12 
The efficiency of energy transfer, ƞ𝐹𝑅𝐸𝑇, is proportional to r
-6
DA and depends on the overlap 





Figure 4. Energy level diagram illustrating the energy transfer mechanisms involved in LnIII ion sensitization 
by organic ligands.13 
 
The overall efficiency of sensitized LnIII-centered luminescence, фL
Ln, the ratio of the 
number of photons emitted to the number of photons absorbed by the species (Equation 1), 
and is a product of the efficiencies of the individual energy transfer steps (Equation 2), 
which are shown in the Figure 3.  
фL
Ln =  
𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
      Eq. 1 
фL
Ln = фISC × фET × фLn
Ln = фSEN × фLn
Ln    Eq. 2 
фLn
Ln is the efficiency of LnIII ion’s internal conversion or intrinsic emission efficiency.2 
ф𝑆EN is the efficiency of the sensitization process, a product of the efficiencies of energy 
6 
 
transfer фET and intersystem crossing (фISC).
2 Since фLn
Ln is directly related to the rate of 
depopulation of the emissive level of the LnIII ion, the radiative lifetime r can be 








       Eq. 3 
kr and knr are the radiative and non-radiative emission rate constants, whereas obs is the 
observed lifetime.9, 14  By experimentally determining the emission lifetime, obs, Equation 









)       Eq. 4 
AMD is the spontaneous emission probability of the magnetic dipole transition (14.65 s
-1 for 
EuIII), n is the refractive index of the sample, Etot and EMD are total integrated emission area 
of the spectrum and the integrated emission area of the 5D0→
7F1 magnetic dipole transition 
of EuIII, respectively.5  
As mentioned above, non-radiative deactivators such as O-H, C-H and N-H bonds play an 
important role in decreasing the overall efficiency of LnIII emission. The energy gap from 
the lower-lying emitting level to the higher-lying ground-level of EuIII is easily bridged by 
three phonons of an O-H oscillator compared to the five phonons of O-D oscillators 
required to bridge the gap (Figure 5a).1 However, four phonons of an O-H oscillator 
compared to seven phonons of O-D oscillators are required to bridge the energy gap from 
the lower-lying emitting level to the higher-lying ground-level of TbIII (Figure 5b).1 
Therefore, it is expected that EuIII emission is quenched more easily than TbIII emission.9 
Horrocks and co-workers15 derived empirical equation 5 that uses the emission lifetimes of 
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LnIII ions in water and D2O to determine the number of water molecules q directly 
coordinated to the LnIII ion.  
 𝑞 = 𝐴(𝜏𝐻2𝑂
−1 − 𝜏𝐷2𝑂
−1 )      Eq. 5 
A and B are coefficients with values of 1.05 for EuIII and 4.2 for TbIII, respectively.  is the 
emission lifetime of the LnIII ion in water (H2O) and deuterium oxide (D2O).
15 
a)  b)  
Figure 5. Energy level diagram illustrating the quenching of the a) EuIII and b) TbIII emissive states by O-H 
and O-D vibrational oscillators. 
 
1.2 Luminescent Ln(III)-containing metallopolymers 
1.2.1 Luminescent materials 
The use of luminescent materials or phosphors in everyday materials, such as fluorescent 
lamps, television screens, electroluminescent thin-layers and organic light-emitting devices 
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(OLEDs), has led to increased research devoted to the design, synthesis, understanding and 
applications of these materials. Luminescent materials are solids that convert absorbed 
energy into other forms of electromagnetic radiation over and above thermal radiation.8 
The luminescence can result from excitation by several types of energy such as 
electromagnetic radiation for photoluminescence, beam of energetic electrons for 
cathodoluminescence, current for electroluminescence, mechanical energy for 
triboluminescence, X-rays for X-ray luminescence as well as by a chemical reaction for 
chemiluminescence.8 Luminescent materials can be composed of either organic 
components (e.g. organic compounds and polymers),16-18 metal-based components 
(nanoparticles, NPs)19 or hybrid materials that combine the organic and metal-based 




Polymers are a class of materials composed of repeating monomeric organic units. These 
materials, especially -conjugated polymers, when decorated with metal ions, possess 
unique electronic and mechanical properties that are desirable for applications in 
electroluminescence, electrochromism and light-emitting devices.22-25 However, a problem 
often encountered with polymeric materials is their low solubility, which limits their 
processability and characterization in solution.22 Therefore, there has been an increase in 
interest in their functionalization to yield materials that are more soluble either in organic 
or aqueous solvents.22 Polymers decorated with metal ions yield hybrid materials that are 
termed metallopolymers and are grouped into Wolf Types I, II and III depending on the 
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location of the metal relative to the polymer backbone (Figure 6).22, 26 Luminescent hybrid 
materials couple the properties of the polymer (mechanical and thermal stability, 
processability, film-forming tendencies and/or flexibility) to the properties of the metal ion 
(luminescence) for applications in sensing, telecommunications, solar cells and light-
emitting devices.2, 5, 7, 8  
 
Figure 6. Structures of the Wolf Types I-III metallopolymers.20 
 
Several reviews have been published on transition metal-based metallopolymers.22, 27 
Compared to transition metal-based metallopolymers, LnIII-based metallopolymers 
combine the polymer properties with the unique optical properties of LnIII ions.5, 7, 28, 29 
Polymerization of these materials has been accomplished using different strategies such as 
condensation reactions, ring-opening metathesis polymerization and ring-opening 
polymerization.20, 22 The LnIII ions are then incorporated either via blending within the 
polymer or by chemical linkage at the backbone of the polymer through functional groups 
such as carboxylato, bipyridyl and -diketonato moieties.20, 22, 30 
10 
 
Wolf Type I metallopolymers are formed by tethering the metal group to the polymer 
backbone via an electronically insulating linker (Figure 6).20, 26 Consequently, the 
chemical, electronic and optical properties of the polymer and the luminescent properties 
of the metal group are independently retained.22, 26 For example, Pan and co-workers31 
reported the synthesis of homo and hetero LnIII-metallopolymers whereby pre-prepared 
LnIII coordination monomers of vinylbenzyl-substituted tripodal NTB-type ligand were 
tethered to a PMMA polymer backbone via free radical polymerization (Figure 7a). The 
metallopolymers emitted tunable, multi-colored light that was used to generate white-light 
through energy transfer from TbIII to EuIII ions.31 de Bettencourt-Dias and Rossini29 
reported the synthesis of luminescent LnIII pyridine-2,6-bis(oxazoline)-appended 
poly(norbornene)-supported metallopolymers (Figure 7b). These LnIII-PyboxONorb-
containing metallopolymers were prepared via a ring-opening metathesis polymerization 
(ROMP) of pyridine-2,6-bis(oxazoline)-functionalized oxynorbornene with norbornene or 
dicyclopentadiene at different monomer ratios.29 Emission efficiencies of up to 15% and 
18% were obtained for the EuIII- and TbIII-containing systems, respectively.29 Also, blue 
TmIII-centered emission was observed with an emission efficiency of 4%, thus, opening 
the door to possible application of these metallopolymers in multicolor displays.29 
Recently, Jones and co-workers32 reported the first example of a single component EuIII-
TbIII-GdIII-containing poly(methyl metharcrylate)-based metallopolymer (Figure 7c). 
Energy transfer from TbIII to EuIII was reduced by controlling the amount of the 1-(4-
vinylbenzyl)-2-(pyridin-2-yl)-1H-benzo[d]imidazole) used for the polymerization.32  
11 
 
Despite the ease of synthesis compared to the other Wolf Type metallopolymers, this group 
of polymers often displays simultaneous polymer and metal-centered emission, thus, 
limiting its use in electronic displays.20 
a)  
b)   
c)  
Figure 7. a) Luminescent LnIII-containing vinylbenzyl-substituted NTB tripodal-appended PMMA 
metallopolymer by Pan, Wang and co-workers31, b) LnIII-PyboxONorb-containing metallopolymers by de 
Bettencourt-Dias and co-workers.29and c) EuIII-TbIII-GdIII-containing poly(methyl metharcrylate)-based 
metallopolymer by Jones and co-workers.32 
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Wolf Type II materials are formed by direct covalent attachment of the metal chelating 
group to the backbone of the polymer, thus direct communication between the polymer and 
metal can occur.22, 26 As a result, efficient energy transfer occurs between the polymer and 
metal, thus, the polymer affects both the electronic and optical properties of the metal.20 
Therefore, careful consideration of the electronic transitions of the two species is required 
to maximize the metal-based luminescence.20 Preparation of these materials usually 
requires elaborate synthetic routes to attach the metal chelator to the polymer backbone.20 
Lu and co-workers33 prepared a series of Wolf Type II LnIII-containing (Ln = La, Nd, Yb, 
Er or Gd) polymers with a homoleptic tetranuclear ligand derived from a flexible 
hexadentate salen-type Schiff-base ligand that was covalently attached to a 
poly(norbornene) backbone via ROMP (Figure 8a). Compared to the visible emitting LnIII-
containing metallopolymers, few examples of NIR emitting LnIII-containing 
metallopolymers are known. NIR emitting LnIII-containing metallopolymers are important 
for applications in telecommunications due to the ErIII transition at 1540 nm, within the 
telecommunications wavelength range 1330 – 1550 nm,34, 35 and biological imaging due to 
the reduced scattering of NIR radiation and low excitation and emission energy that enables 
deep tissue penetration and minimizes photodamage to biological tissues. Lu and co-
workers36 reported the copolymerization of norbornene with ZnLnIII complex monomers 
of 4-allyl-2-(1H-benzo[d]imidazol-2-yl)-6-methoxyphenol to yield luminescent polymers 
with improved physical properties and NIR emission efficiencies (Figure 8b). Su and co-
workers37 described a green luminescent TbIII-containing poly(norbornene)-supported 
metallopolymers with emission efficiencies of up to 83%. Holliday and co-workers21 
reported the oxidative electrochemical polymerization of a conducting 3,8-bis(3,4-
13 
 
(ethylenedioxy)thien-2-yl)-1,10-phenanthroline ligand covalently linked through the 
nitrogen atoms of the phenanthroline to a EuIII complex of  dibenzoylmethanato (dbm), as 




Figure 8. Luminescent LnIII-containing a) Salen-type Schiff-base by Lu and co-workers,33 b) ZnLnIII complex 
monomers of 4-allyl-2-(1H-benzo[d]imidazol-2-yl)-6-methoxyphenol appended to a poly(norbornene) 
backbone metallopolymers by Lu and co-workers,36 and c) electropolymerizable phenantroline-appended 
EDOT complex of EuIII dbm by Holliday and co-workers.21 
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Wolf Type III materials are formed by directly incorporating the metal chelating groups 
into the polymer backbone, thus the metal adds structural integrity to the material. This 
also leads to strong interactions between the metal and conjugated polymer. Thus, 
perturbations such as quenching of the metal-centered luminescence by bridging organic 
ligands can occur.22, 26  Weak metal-centered emission is a common problem often 
encountered with these materials, and controlling the directionality of the material is 
challenging as bridging often occurs; more than two ligands compete to saturate the 
coordination sphere of the metal, as LnIII ions have high coordination numbers (8 – 10).38 
Compared to Wolf Types I and II, Type III luminescent LnIII-containing metallopolymers 
are scarce, most likely due to the labile nature of LnIII ions.20 Beck and Rowan39 reported 
the synthesis of gel-like metallopolymers that were composed of a 2,6-bis-
(benzimidazolyl)-4-hydroxypyridine chelating unit connected to each other by a polyether, 
and coordinated to CoII or ZnII ions with a small amount of LaIII or EuIII added (Figure 9a). 
The metallopolymers showed reversible stimuli (thermal, mechanical, chemo and photo 
response) responsive behavior while the EuIII-containing metallopolymers showed red 
EuIII-centered emission.39 Archer and Chen40 reported the synthesis of the first linear EuIII-
containing Schiff-base polyelectrolytes (Figure 9b). The use of the anionic ligand derived 
from N,N′,N′′,N′′′- tetrasalicylidene-3,4,3′,4′-tetraaminodiphenylmethane enhanced the 
solubility of the material and an octadentate coordinated EuIII environment resulted in 
emission quantum yields ranging from 2 to 44%, and 74% when YIII was incorporated into 
the polymer.40 Zhang and co-workers41 reported the synthesis of EuIII- and TbIII-containing 
, -diethyl malonate-terminated polydimethylsiloxane metallopolymers (Figure 9c). The 
materials showed red EuIII and green TbIII emissions with emission efficiencies ranging 
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from 1 to 9%.41 The low emission efficiencies were attributed to water molecules 
coordinated to the LnIII ions.41 However, varying the ratios of EuIII and TbIII for a 




Figure 9. Wolf Type III a) LnIII-containing 2,6-bis-(benzimidazolyl)-4-hydroxypyridine-based 
metallopolymer by Beck and Rowan,39 b) EuIII-containing Schiff-base polyelectrolytes by Archer and Chen40 




1.3 Luminescent lanthanide(III)-containing nanoparticles 
Nanoparticles (NPs) are microscopic particles that range in size from 1 nm to a few hundred 
nm and with properties that differ from the bulk materials, including emission. NPs are 
superior to organic fluorophores due to their facile synthesis, high photostability, high 
molar absorption coefficients, narrow emission bands in the visible to NIR, high 
fluorescence quantum yields and emission lifetimes (few ns) adequate for time-gated 
emission.42-46 As a result, NPs have found application in imaging, sensing and catalysis. 
The optical properties of NPs can be tuned by manipulating the constituent material, the 
thickness of the shell in the case of inorganic core/shell NPs, surface functionalizing 
groups, and the size and polydispersity of the NPs.42 Blinking, surface-defects and the 
presence of surface dangling bonds which contribute to non-radiative quenching are major 
challenges in the synthesis of semiconducting NPs with high photoluminescence quantum 
yields and high photochemical stability.42 These challenges can be circumvented by 
passivating the surfaces of the NPs with an inorganic layer or shell and functionalizing the 
surfaces with organic ligands that coordinate the surface atoms of the NPs.42 NPs are 
classified into three groups, namely one-dimensional NPs (thin-films), two-dimensional 
NPs (carbon nanotubes) and three-dimensional NPs (e.g. dendrimers, fullerenes and 
quantum dots).47 Here, we will review work on LnIII-containing NPs such as LnIII-doped 




1.3.1 LnIII-doped NPs 
NPs can be used as optical antennae for the sensitization of LnIII ions due to their high 
molar absorption coefficients. NPs doped with NIR emitting LnIII ions such as YbIII, NdIII 
and ErIII are particularly interesting as the NIR emission of the LnIII ions allows for their 
application in biological imaging due to the deep tissue penetrating ability of NIR radiation, 
reduced photodamaging ability and long emission lifetimes that allow for discrimination 
of auto-fluorescence from biological cells/tissue.42 Many examples of LnIII-doped NPs 
have been reported.43, 48-51 For example, LnIII-doped YVO4 NPs were shown to display 
LnIII-centered emission as reported by Riwotzki and Haase.52 Similarly, Vela and co-
workers53 demonstrated that doping NPs with EuIII results in a simultaneous enhancement 
of LnIII-centered emission and a protection of the emission from non-radiative deactivators 
such as O-H, C-H and N-H bonds of protic solvents. Other attempts to enhance the LnIII-
centered emission involve the functionalization of the NP surfaces with an organic 
chromophore.54-57 For example, Chowdhury and co-workers58 reported the synthesis of 9-
oxidophenalenone-capped Eu-doped LaF3 NPs which upon excitation transferred energy 
to the LaF3 lattice, and subsequently Eu
III-centered emission was observed (Figure 10a). 
Similarly, Mazzanti and co-workers59 observed up to 330-fold enhancement in the LnIII-
centered emission when the surfaces of 20%Ln-doped NaYF4 NPs (Ln = Eu, Tb or Yb) 
were functionalized with pyridine derivatized ligands (Figure 10b). Charbonnière and co-
workers60 also observed up to a 100-fold increase in the EuIII-centered emission after 
functionalizing the surfaces of EuIII-doped LaF3 NPs with 6-carboxy-5’-methyl-2,2’-
bipyridine (bipyCOO-) (Figure 10c). The bipyCOO- ligand had the added benefit of 






Figure 10. a) Sensitization of LnIII-centered emission in EuIII-doped LaF3 NPs that are surface-functionalized 
with an organic chromophore by Irfanullah, Chowdhury and co-workers,58 b) ligands used to surface-
functionalize LnIII-doped NaYF4 NPs by Mazzanti and co-workers,59 and c) ligand exchange of sodium 




1.3.2 Surface-coordinated LnIII NPs 
Unlike Ln-doped NPs, fewer examples are known of luminescent surface-coordinated LnIII 
NPs where energy transfer from the NPs to the surface coordinated LnIII ion results from 
excitation of the NPs.61-63 EuIII-NP systems prepared by Gallagher and co-workers64 
resulted in quenching of the emission of aqueous thioglycolic acid-capped CdTe quantum 
dots (QDs) via electron transfer to bound EuIII ions, without metal-centered emission. 
Hildebrandt and co-workers65 showed that visible emitting EuIII and TbIII ions functioned 
as sensitizers of CdSe/ZnS and ZnSe fluorescence in multiplexed bioassay and white-light 
applications.65, 66 Comby and Gunnlaugsson67, 68 prepared EuIII cyclen-capped AuNPs that 
showed weak EuIII-centered emission upon direct excitation and the emission was 




Figure 11. Uses of LnIII-centered emission by surface-functionalized AuNPs following incorporation of an 
organic chromophore.67, 68 
 
It was not until recently that Imbert, Mazzanti and co-workers61 reported the energy 
transfer from InPZnS@ZnSe/ZnS NPs to LnIII ions bound to a capping ligand where 
excitation at the wavelengths of NP absorption resulted in LnIII-centered emission (Figure 
12).61 This and the fact that the excitation spectrum obtained from monitoring the emission 
of the LnIII ions overlaps the absorption spectra of the QDs indicated the successful 
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sensitization of LnIII ions by the QDs.61 However, the energy transfer from the NPs to the 
LnIII ions was inefficient as reflected by the low measured emission efficiencies and the 
residual NP fluorescence in the emission spectra.61 The capping chromophores used also 
contributed to the sensitization of the LnIII-centered emission. Thus, there remains a need 
to develop surface-coordinated LnIII NP systems that use non-chromophores as capping 








Zhu and co-workers62 demonstrated the use of LnIII-hybridized carbon dots (LnIII-CDs) to 
sensitize the luminescence of the YbIII and NdIII ions. The LnIII-CDs were synthesized in 
one-pot using a hydrothermal method with citric acid serving as a carbon precursor and the 
LnIII ions as dopants trapped between the CDs by surface carboxylato groups (Figure 13).62 
The LnIII-CDs showed low cyctotoxicity against HeLa cells which makes the system a 
potential candidate for bioimaging and biomedical applications.62 
 




1.4 Purpose of projects 
1.4.1 Using ligand capped nanoparticles to sensitize LnIII-centered 
luminescence 
 
Scheme 1. Proposed energy transfer mechanism from NPs to LnIII coordinated to surface capping ligands. 
 
As discussed in the beginning of this chapter, the efficiency of energy transfer from the 
ligand to the LnIII ions can be improved by tuning the energy of the ligand’s 3T level. For 
example, our group has demonstrated that the 3T energy level of pyridine-2,6-
bis(oxazoline) can be tuned by varying the substituents at the para position.29 However, 
optimizing the 3T level of the ligand is often achieved through extensive synthetic routes 
with tedious purification steps, thus, time and reagent consuming.69, 70  
With this work we set out to take advantage of the size-tunable excited state energies of 
NPs to use them as sensitizers for LnIII-centered emission by appending the metal ions to 
an organic linker. To accomplish this, we utilized:  
1) wide band gap (~3.6 eV or 29,000 cm-1)71 ZnS NPs surface functionalized with 
either 3-mercaptopropionate (3-MPA) or thiol-appended dipicolinate derivatives, 
that absorb in the 260-305 nm range and emit in the 450-550 nm range to sensitize 
the visible emitting LnIII (Ln = Eu or Tb) ions. This work is presented in Chapter 2. 
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2) narrow band gap (~2.4 eV or 19,400 cm-1)72 CdS NPs surface functionalized with 
3-MPA, with absorption in the 360-400 nm range and emit in the 450-800 nm range 
to sensitize the NIR emitting LnIII (Ln = Yb or Nd) ions. This work is presented in 
Chapter 3. 
 
Environmental and health concerns due to the toxicity of II-VI NPs such as CdS and CdSe, 
are drawbacks for biological applications. Fluorescent CDs can serve as an alternative to 
toxic NPs due to their low toxicity, biocompatibility, high chemical stability, tunable 
electronic properties, and ease of synthesis and surface modification.73-75 Another 
advantage of CDs is that they can be prepared from simple carbon sources such as citrate,76 
strawberry juice,77 grass,78 acetic acid,79 or candle soot.80  
CDs have found applications ranging from luminescent inks formulations, to imaging and 
sensing.81-86 Wong and co-workers recently showed that CDs can be decorated with YbIII 
or NdIII, and subsequently sensitize the LnIII-centered emission.62 There are no examples 
of the sensitization of visible emitting LnIII ions using CDs, which have imaging and 
sensing applications in the visible region of the electromagnetic spectrum. We thus set out 
to: 
3) synthesize fluorescent CDs with surface functional groups capable of coordinating 
to LnIII ions, and sensitizing the LnIII-centered luminescence. This work is presented 




1.4.2 Using functionalized polycarbonate-based materials to sensitize LnIII-
centered luminescence and generate white light 
 
Scheme 2. Proposed structure of the LnIII-containing functionalized polycarbonate metallopolymers. 
 
Due to the unique optical properties of the LnIII ions, they can be incorporated into 
polymers to generate new luminescent hybrid materials possessing mechanical 
(processability or flexibility) and optical properties for applications in imaging, sensing, 
telecommunications and light-emitting devices.2, 5, 7, 8 One of such polymers is 
polycarbonate (PC), a biodegradable, transparent, low water absorbing and high glass 
transition temperature (Tg = 140-155
oC) material.87 PC offers a low-cost and high solution 
processable88, 89 material with promising applications ranging from inkjet printing,90 
antimicrobial agents,91-96 gas separation membranes,97 antifouling agents,95, 98 drug and 
gene delivery,99, 100 electro-optics101, 102 to display applications such as polymer light-
emitting diodes.103 Most often, studies on LnIII luminescent PC materials involve the 
doping of the PC materials with EuIII ions.87, 104-109 However, this fast route to luminescent 
materials often leads to inhomogeneous distribution of the LnIII ions within the matrix, with 
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a consequent loss of LnIII ion emission.25 To circumvent this limitation, Lu and co-
workers110 prepared a multifunctional coordination PC films with PrIII ions coordinated 
through the carbonyl oxygen atoms; these materials showed sensitized PrIII-centered 
emission (Figure 13).  
 
Figure 14. Proposed structure of the PrIII-coordinated polycarbonate films by Lu and co-workers.110 
 
Despite the intrinsic properties of these materials, which make them interesting for a 
variety of applications, reports of PC materials with covalently attached LnIII chelating 
antennae remain scarce. To widen our knowledge and availability of PC materials as LnIII-
based emitting materials we: 
 synthesized new luminescent polymers with PC backbones and pendant groups 
capable of coordinating LnIII ions and sensitizing their luminescence. This work is 




1.4.3 Using functionalized polycarbonate-based materials to 
sensitize LnIII-centered luminescence of LnIII-doped ZnAl2O4 
NPs 
 
Scheme 3. Proposed structure of the polymer-coated LnIII-doped ZnAl2O4 NPs. 
 
The combination of polymers and NPs results in the generation of hybrid materials known 
as nanocomposites (NCs).111 Compared to the individual constituents, NCs have 
advantageous electrical, optical and mechanical properties. However, sustained interest in 
NCs was not observed until researchers at Toyota in the 1990s reported a five-fold increase 
in the yield and tensile strength of nylon following the addition of mica.112, 113 The interest 
in research of NCs was further enhanced by development of NP synthesis that allows for 
precise size and shape control, as well as improvements in material characterization 
instrumentation such as laser scanning fluorescence and electron microscopy.111 Despite 
the inherent advantages of NCs, a major challenge often encountered in their large-scale 
synthesis and commercialization is the lack of cost-effective methods for limiting 
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aggregation of NC dispersions.111 Therefore, current research aims to increase the 
knowledge of the structure-property relationships of the interactions between polymer 
chains and nanoscopic solids.111 Particular attention is paid to the interaction of the NPs 
with the coordinating ligands of the polymer, as the ligands have a major influence on the 
NP behavior and spatial distribution. Numerous examples of polymer-coated NPs have 
been reported.114-118 We will discuss the subset of polymer-coated LnIII-doped NPs. 
The use of LnIII-doped NPs in solid-state lighting applications is often limited due to the 
need for costly near-UV excitation sources for energy transfer from the host material to the 
embedded LnIII ions.119 This limitation is circumvented by coating the surfaces of LnIII-
doped NPs with molecular sensitizers that can absorb longer wavelength light and 
subsequently sensitize the LnIII-centered emission.58, 119-121 In addition to the improved 
sensitization efficiency and lower excitation energies of LnIII-doped NPs coated with 
molecular sensitizers, polymer-coated LnIII-doped NPs possess advantages such as 
improved absorption cross-sections, solubility, optical and mechanical properties.119, 120 
Therefore, the use of polymers with well-matched 3T energy levels to LnIII ions will 
enhance energy transfer from the ligand to the embedded LnIII ion.  
NPs with AB2O4 spinel lattices such as zinc aluminate, ZnAl2O4, possess high chemical, 
thermal and photostability for use in lighting applications.119 ZnAl2O4 has a close-packed 




Figure 15. Spinel structure of ZnAl2O4 showing the tetrahedrally coordinated ZnII ions in blue, the 
octahedrally coordinated AlIII ions in red and the coordinating oxygen atoms in green.123 
 
The ZnII and AlIII ions occupy tetrahedral and octahedral sites, respectively, in the face-
centered cubic structure. ZnAl2O4 is composed of earth-abundant elements, thus, serving 
as a low-cost host-lattice for doping LnIII ions.119 The facile incorporation of LnIII ions such 
EuIII is due to 1) size compatibility between EuIII (1.1 Å) and Zn2+ (0.76 Å), as well as the 
charge similarity and octahedral coordination nature of LnIII ions and the Al3+ ions.122 
Therefore, in order to widen our understanding and the availability of polymer-coated NPs 
we set out to use the pyridine-2,6-bis(ethyl)ester-based polycarbonate polymer discussed 
in Chapter 5 to: 
 passivate LnIII-doped ZnAl2O4 for the sensitization of the LnIII-centered 
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2 ZnS nanoparticles sensitize luminescence of capping-ligand-
bound lanthanide ions 
 
The work in this chapter was published in two journals. One part was published in 
Inorganic Chemistry as “ZnS Nanoparticles Sensitize Luminescence of Capping-Ligand-
Bound Lanthanide Ions” and can be accessed through the DOI: 
10.1021/acs.inorgchem.6b02638. The other part of the chapter was published as “Synthesis 
and Characterization of Two Tritylthio-Derivatives: 1-Bromo-3-Tritylthiopropane and 2-
(Tritylthio)-Ethanethiol” in the Journal of Chemical Crystallography, volume 47, in 2017, 
on pages 233-240 by the authors Rodney A. Tigaa and Ana de Bettencourt-Dias” and is 
used with permission of Springer. This chapter is a modification of the published papers. 
 
2.1 Introduction 
The light emission of the lanthanide (LnIII) ions is of interest in sensing1 and imaging,2-4 
among other applications.5 Each ion has a unique emission color, and the core nature of 
the 4f orbitals leads to narrow emission bands, while the f-f transitions, which are 
responsible for the emission, are parity-forbidden and thus the ions have low molar 
absorptivity (ε ≤ 1 M-1cm-1).6, 7 Consequently, population of the emissive f state is often 
achieved through an antenna, a coordinated ligand that sensitizes the metal ion through 
energy transfer from a ligand-based excited state.6 Efficient energy transfer can be achieved 
by fine-tuning the excited states of the antenna to best match the emissive f excited state.6-
8 To date, this fine-tuning has been accomplished through more or less extensive synthetic 
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procedures to functionalize ligands. However, the use of nanoparticles (NPs) as sensitizers 
is advantageous, as their bandgap energies can be tuned through NP size control.9-11 
Semiconducting NPs doped with LnIII ions were shown to display LnIII-centered emission, 
such as doped YVO4 NPs described by Riwotzki and Haase
12 or II-VI NPs  described by 
Waldeck, Petoud and co-workers.13 Similarly, Vela and co-workers14 demonstrated that 
doping NPs with EuIII results in a simultaneous enhancement of LnIII-centered emission 
and a protection of the emission from vibrational quenching in protic solvents. However, 
NPs often lose structural integrity due to the high temperatures used during their 
synthesis.13  Other attempts to improve luminescence led to Eu-doped LaF3 NPs,
15-17 where 
surface capping ligands transfer energy to the lattice, which then sensitizes the EuIII-
centered emission.16 In a reverse process, Hildebrandt and co-workers18 described energy 
transfer from LnIII ions bound to surface capping ligands with subsequent NP-centered 
emission. Sensitized luminescence could also be achieved by chelating LnIII ions to 
antennas that are grafted onto nanocomposites,19 which show increased emission when 
compared to the non-grafted systems.20, 21 In addition, emissive biotinylated complexes of 
GdIII and TbIII conjugated to NPs for multimodal imaging were recently described by Biju 
and co-workers.22 However, to date, only one instance of energy transfer from a NP to a 
LnIII ion bound to a capping chromophore and subsequent metal-centered emission has 
been reported.23 Mazzanti, Imbert and co-workers23 functionalized the surfaces of 
InPZnS@ZnSe/ZnS NPs with organic chromophores. The NPs were decorated with LnIII 
ions (Ln = Eu, Tb or Yb) and showed LnIII-centered luminescence upon excitation of the 
NPs.23 The excitation spectra obtained by monitoring the LnIII-centered emission matched 
the absorption spectra of the NPs including the chromophores, indicating that the 
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sensitization process occurred by energy transfer from the chromophore-NP assembly to 
the LnIII ions.23 Instead Gallagher and co-workers24 observed quenching of the emission of 
aqueous thioglycolic acid capped CdTe quantum dots (QDs) via electron transfer to bound 
EuIII ions, without metal-centered emission. To use NPs, with their size-tunable excited 
state energies, as sensitizers for LnIII emission with the metal ions appended to and not 
within the NP, we became interested in ZnS NPs, which are chemically stable and have 
lower toxicity than the more commonly studied CdSe NPs.25 The bulk ZnS bandgap of 
3.68 eV results in absorption in the UV and thus sensitization of the visible emitting LnIII 
ions, such as EuIII and TbIII, is possible.26 
Surface-modified semiconducting NPs are usually synthesized through ligand exchange, 
which often leads to etching of the surfaces and degrades the optical properties.27 However, 
Vela and co-workers27 demonstrated that it is possible to synthesize surface-modified CdS 
NPs in the presence of the desired capping ligands in a one-pot precipitation method 
without ligand exchange. We used this method to cap ZnS NPs with the newly isolated 
ligands 2,6-bis(diethylamide)-4-oxo-(-3-thiopropane)pyridine [BDP] and 2,6-
bis(methyl)ester-4-oxo-(-3-thiopro-pane)pyridine [BMP]. The BMP ligand on the surface 
of the NPs was saponified to yield 2,6-dicarboxylato-4-oxo-(-3-thiopropane)pyridine 
[DCP] capped NPs. 3-Mercaptopropionate [3-MPA] was also used as a capping ligand for 
comparison, since it is not a chromophore and thus not directly involved in sensitizing the 




2.2 Results and discussion 
The synthesis of the BDP and BMP ligands was accomplished by following literature29, 30 
procedures to prepare the pyridine esters (1 and 2) from chelidamic acid, and performing a 
Friedel Crafts acylation to prepare the pyridine diethylamide, 3 (Scheme 1). Compounds 2 
and 3 were each reacted with 1-bromo-tritylthiopropane, 4, to form two new trityl-
protected compounds, Trityl-BDP and Trityl-BMP (Scheme 1). Both Trityl-BDP and 
Trityl-BMP were fully characterized by NMR spectroscopy (Appendix 1-2) and mass 
spectrometry (Appendix 3-4).  
 




Both Trityl-BDP and Trityl-BMP were isolated in the solid-state, and were characterized 
by single-crystal X-ray diffraction. The crystallographic and structure refinement data are 
summarized in Table 1. Trityl-BDP crystallizes in the monoclinic P21/c space group with 
unit cell parameters a = 27.962(3) Å, b = 7.321(5) Å, c = 16.088(8) Å,  = 99.114(5)o and 
V = 3252.21(16) Å3. Four molecules are present in the unit cell as shown in Figure 1a. 
Weak intramolecular hydrogen bond interactions with D-H…A distances in the range 2.430 
– 2.600 Å were observed in the structure (Figure 1b).31  The hydrogen bonding occurs 
between N1 and H34A, O2 and H29A as well as O3 and H36A (Figure 1b). Interactions 
of H3, H9, H19 and H22B with S1 were observed (2.638 – 2.842 Å) (Figure 1b). The 
packing structure of Trityl-BDP is supported by very weak - stacking interactions32 with 
a centroid-to-centroid distance of 7.321Å; the planes spanned by the pyridine atoms are 
parallel (Figure 2). Intermolecular C-H… interactions32 between a hydrogen atom of the 
propyl chain with a neighboring phenyl ring with a C-H… distance of 2.877 Å were also 






Figure 1. a) Thermal ellipsoid plots of a) the unit cell of Trityl-BDP and its b) intramolecular interactions. 
The hydrogen atoms were removed for clarity. 
 
 
Figure 2. Thermal ellipsoid plots showing the intermolecular  stacking and C-H.. interactions in the 
packing of Trityl-BDP with the thermal ellipsoids at 50% probability. The hydrogen atoms were removed 
for clarity.  
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Trityl-BMP crystallizes in the triclinic P1̅ space group with unit cell parameters a = 
7.463(0) Å, b = 8.480(3) Å, c = 22.395(3) Å,  = 83.483(1)o,  = 87.557(1)o,  = 65.708(1)o 
and V = 1283.51(12) Å3. Two molecules are present in the unit cell, as shown in Figure 3a. 
Weak intramolecular hydrogen bond interactions with D-H…A distances in the range 2.484 
– 2.538 Å were observed (Figure 3b).31 The hydrogen bonding involved interactions 
between O2 and H4 and H7A, as well as O3 and H2 and H9C (Figure 3b). The packing 
structure is supported by weak intermolecular - stacking interactions between the 
pyridine rings of adjacent molecules with a centroid-to-centroid distance of 4.221 Å 






Figure 3. a) Thermal ellipsoid plots of a) the unit cell of Trityl-BMP and b) intramolecular hydrogen bond 
interactions with the thermal ellipsoids at 50% probability. 
 
 
Figure 4. Thermal ellipsoid plots showing the intermolecular  stacking and C-H... interactions in the 
packing structure of Trityl-BMP with the thermal ellipsoids at 50% probability. The hydrogen atoms were 




Table 1. Crystallographic and structure refinement data of Trityl-BDP and Trityl-BMP. 
Compound Trityl-BDP                       Trityl-BMP 
Formula   C37H43N3O3S  C31H29NO5S 
CCDC      
M/ g mol-1  609.80  527.61 
Crystal system  Monoclinic  Triclinic 
Space group  P21/c  P1̅ 
a/ Å   27.9623(8)  7.4630(4) 
b/ Å   7.3215(2)  8.4803(5) 
c/ Å   16.0888(5)  22.3953(12) 
/ deg   90  83.483(1) 
/ deg   99.1145(17)  87.557(1) 
/ deg   90  65.708(1) 
V/ Å3   3252.21(16)  1283.51(12) 
T/ K   100  100 
Z   4  2 
Dc/ g cm
-3  1.245  1.365 




                  2746,  
                  0.0513 
                      6974,  
                      0.0325 
Reflections collected              2773  7476 
GoF on F2  1.198  1.079 









Largest diff. peak and hole/e.  0.42, -0.51  0.48, -0.21 
 
Both BDP and BMP ligands were isolated in the solid-state, following deprotection of the 
trityl groups of Trityl-BDP and Trityl-BMP (Scheme 1). The ligands were fully 
characterized by NMR spectroscopy (Appendix 5-6) and mass spectrometry (Appendix 7-
8), The DCP ligand was prepared through saponification of BMP (Scheme 1). DCP was 
also characterized by NMR spectroscopy (Appendix 9) and mass spectrometry (Appendix 
10). BDP and BMP were characterized by single-crystal X-ray diffraction. Details of the 
crystallographic characterization are given in Table 2. BDP crystallizes in the monoclinic 
P21/n space group with unit cell parameters a = 13.875(3) Å, b = 7.170(0) Å and c = 
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19.533(0) Å,  = 92.374(5)o and V = 1941.59 Å3. Four molecules are present in the unit 
cell, as shown in Figure 5a. Intramolecular hydrogen bonding with D-H…A distances of 
2.306 to 2.540 Å was observed (Figure 5b). The hydrogen bond interactions are between 
O1A and H7AA and H8AB, O2 and H10B, O3 and H17B and H17B, as well as N1 and 
H15B (Figure 5b). Intermolecular hydrogen bonding between O2 and H6AA of adjacent 
molecules is present in the packing structure (Figure 5b). Compared to Trityl-BDP, no -
 stacking interactions were observed; the measured centroid-to-centroid distance was very 





Figure 5. a) The unit cell and b) hydrogen bonding of BDP showing the thermal ellipsoids at 50% probability. 
The hydrogen atoms are removed for clarity. 
 
 
Figure 6. Thermal ellipsoid plots showing the centroid-to-centroid distance between pyridine rings. 
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BMP crystallized in the monoclinic P21/c space group with unit cell parameters a = 
7.964(4) Å, b = 18.711(8) Å and c = 8.841(7) Å,  = 99.647(1)o and V = 1299.03 Å3. Four 
molecules are present in the unit cell, as shown in Figure 7a. Intramolecular hydrogen 
bonding interactions with D-H…A distances in the range 2.490 – 2.512 Å were observed 
(Figure 7b). The hydrogen bonding involved interactions between O1 and H2 and H7C, as 
well as O3 and H4. The packing structure is supported by both intermolecular CH… and 
- stacking interactions. The CH… interactions are between adjacent pyridine hydrogen 
atoms and pyridine units with a C-H… distance of 3.453 Å (Figure 8a). - stacking was 





Figure 7. Thermal ellipsoid plots showing a) the unit cell and b) intramolecular hydrogen bonding of BMP 
with thermal ellipsoids at 50% probability. 
a)  
b)  
Figure 8. Thermal ellipsoid plots showing a) the intermolecular CH… and b)  stacking interactions in 
the packing structure of BMP with thermal ellipsoids at 50% probability. Hydrogen atoms were omitted for 
clarity unless involved in intermolecular interactions. 
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Table 2. Crystallographic and structure refinement data of BDP and BMP. 
Compound BDP                  BMP 
Formula   C18H29N3O3S  C12H15NO5S 
CCDC      
M/ g mol-1  367.51  285.31 
Crystal system  Monoclinic  Monoclinic 
Space group  P21/n  P21/c 
a/ Å   13.8753(5)  7.9644(3) 
b/ Å   7.1700(2)  18.7118(8) 
c/ Å   19.5330(6)  8.8417(3) 
/ deg   90  90 
/ deg   92.3745(17)  99.647(3) 
/ deg   90  90 
V/ Å3   1941.59(11)  1299.03(9) 
T/ K   100  100 
Z   4  4 
Dc/ g cm
-3  1.257  1.459 




                  5645,  
                  0.0753 
                 5868,  
                 0.0392 
Reflections collected             12884  2803 
GoF on F2  1.070  1.031 








Largest diff. peak and 
hole/e. 
 1.16, -0.32  0.44, -0.45 
 
In the process of deprotecting the trityl-protected groups of Trityl-BDP and Trityl-BMP 
to form the BDP and BMP capping ligands, respectively, 2-(tritylthio)-ethanethiol 5 was 
isolated as a side-product (Scheme 1). Compound 5 was previously synthesized using 
thiiranes by Chan and co-workers33 in 1971. As it was consistently isolated in the form of 
an oil, no single-crystals were obtained. Therefore, we explored new synthetic routes to 
synthesize 5 without using thiiranes. To do this, we modified the procedure reported by 
Chan and co-workers33 and used 4 as a starting material. The alkyl-bromide of 4 was 
substituted to generate 5 by stirring 4 and 1,2-ethanedithiol in 50% DCM/TFA mixture 
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overnight at room temperature (Scheme 2). Both 4 and 5 were isolated in the solid-state 
and since they are both trityl-protected building blocks, their structural and photophysical 
properties were investigated.  
 
Scheme 2. Synthesis of 5. 
 
The FT-IR spectra of 4 and 5 show bands in the ranges 3100 – 2800 cm-1 and 2000 – 1630 
cm-1 that correspond to aliphatic and aromatic C-H vibrations, as well as combination 
modes, respectively (Figure 9). The vibrational bands in the range 1500-1400 cm-1 and 
those at 1592 cm-1 correspond to aromatic C-C and C=C vibrations, respectively. In 
general, the FT-IR spectra of 4 and 5 are indistinguishable, as the C-Br band of 4 appears 
in the fingerprint region. In contrast, a band at ~2550 cm-1, which corresponds to the S-H 
stretch is absent in the spectrum of 4, but present in the spectrum of 5. This assignment is 




Figure 9. FT-IR spectra of 4 and 5 with the S-H stretch region highlighted. 
 
The 1H NMR spectra of 4 and 5 show very similar aromatic peaks in the 7.40-7.20 ppm 
region (Figures 10a-b). However, there is a significant upfield shift of the proton resonance 
at 3.33 ppm in 4 to 2.47 ppm in 5, which is explained by the additional shielding of these 
protons by the two sulfur atoms. The resonance from the thiol (S-H) proton of 5 appears as 
a triplet at 1.43 ppm (Figure 10b). Similarly, the 13C NMR spectra of 4 and 5 showed no 





Figure 10. 1H NMR spectra with peak assignments of a) 4 and b) 5 in CDCl3. 
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Both 4 and 5 display absorption maxima attributed to -* transitions at 257 nm and 
excitation maxima at 271 and 272 nm, respectively (Figures 11, 12a-b).36 The molar 
extinction coefficient, ε, of 5 at 257 nm (2700 M-1cm-1) is larger than that of 4 at 257 nm 
(2100 M-1cm-1), as supported by the relatively intense absorption spectrum of 5 compared 
to that of 4 (Figure 11). 
Each compound displays emission bands due to → transitions that are mirror images 
of the excitation/absorption spectra with maxima at 314 nm for 4 and 313 nm for 5 (Figures 
12a-b). 77 K time-resolved emission spectra show phosphorescence in the range 400-600 
nm with resolved vibrational fine-structure (Figure 13). The measured energy gap, , 
between the peaks of each phosphorescence spectrum was determined to be 1587.5±8.5 
cm-1, and is attributed to the aromatic C=C vibrations in the compounds. These vibrations 
were observed in the FT-IR spectra of 4 and 5 at 1592 cm-1 (Figure 9). 
 
Figure 11. UV-Vis absorption spectra of 4 (black) and 5 (red) in acetonitrile.
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a) b)  
Figure 12. Normalized excitation (black) and emission (red) spectra of a) 4 and b) 5 in acetonitrile. 
 
a) b)  
Figure 13. Low temperature (77 K) phosphorescence excitation and emission spectra of a) 4 and b) 5 in 
acetonitrile. 
 
Both compounds crystallize in the monoclinic P21/c space group with four molecules in 
the unit cell. Details of the crystallographic and refinement data for 4 and 5 are given in 
Table 3. The asymmetric units of 4 and 5 are shown in Figures 14a-b. They display simple 
structures, with the expected propeller shape of the trityl functional group for 4 and chain-
like structure of the alkyl groups. The trityl-C-S distances are 1.862 Å and 1.871 Å and the 
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C-Br and C-SH distances are 1.962 Å and 1.817 Å in 4 and 5, respectively. The latter two 
are in good agreement with literature values of 1.966 Å for C-Br and 1.808 Å for C-SH, 
respectively.37 The packing structure of both compounds displays an alternating 
arrangement of neighboring molecules in a zig-zag pattern (Figure 15a-b). The packing of 
4 is supported by intermolecular C-H··· interactions (Figure 16a), 31, 38, 39 with C-H··· 
distances in the range 2.684-3.387 Å. 4 also shows a weak intramolecular hydrogen bond 
between a phenyl ring of the trityl functional group and the bromine atom, with a C-H···Br 
distance of 3.066 Å, 31 as shown in Figure 16b. Despite the presence of the phenyl rings, 
only extremely weak - stacking is observed, as the planes spanned by phenyl rings on 
adjacent molecules intersect at an angle of ~10o, while the centroid-to-centroid distance is 
long at 6.152 Å. The packing of 5, on the other hand, is supported by weak - stacking 
interactions of two neighboring molecules, as shown in Figure 17. The distance between 
the parallel planes spanned by the phenyl rings is 3.3 Å and the centroid-to-centroid 
distance is 5.2 Å.32
 
a)  b)  
Figure 14. Thermal ellipsoid plots of the asymmetric units of a) 4 and b) 5, with thermal ellipsoids at 50% 
probability. Hydrogen atoms are omitted for clarity. 
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a)  b)  
Figure 15. Packing structures of a) 4 along the a axis and b) 5 along the c axis, with thermal ellipsoids at 50% 
probability. Hydrogen atoms are omitted for clarity. 
 
a)  b)  
Figure 16. Ball-and-stick plot of 4 showing the a) intermolecular C-H··· and b) intramolecular C-H···Br 




a) b)  
Figure 17. Ball-and-stick plot of 5 showing a) the - interaction with an interplanar distance of 3.3 Å and a 
centroid-to-centroid distance of 5.244 Å and b) the S-H··· interaction with distance 2.715 Å. 
 
Table 3. Crystallographic and structure refinement data of 4 and 5. 
Compound 4 5 
Formula   C22H21BrS  C21H20S2 
CCDC   1430109  1430110 
M/ g mol-1  397.35  336.49 
Crystal system  Monoclinic  Monoclinic 
Space group  P21/c  P21/c 
a/ Å   7.4072(9)  15.3532(8) 
b/ Å   9.6924(11)  14.1552(7) 
c/ Å   25.652(3)  7.8249(4) 
/ deg   90  90 
/ deg   90.023(2)  94.5239(8) 
/ deg   90  90 
V/ Å3   1841.7(4)  1695.27(15) 
T/ K   100  100 
Z   4  4 
Dc/ g cm
-3  1.433  1.318 
(Mo-K)/ mm-1  2.345  0.311 
Independent reflections, 
Rint [Fo≥(Fo)] 
                    5097,  
                    0.0567 
                         5868,  
                         0.0392 
Reflections collected               5174  6114 
GoF on F2  1.096  1.020 












The efficiency of the ligands as antennae was assessed by evaluating their photophysical 
properties. BDP, BMP and DCP showed emission maxima at 349 nm, 346 nm and 406 
nm when excited at 267 nm, 271 nm and 276 nm, respectively (Figures 18a-c).  
 
a)  b)  
c)  
Figure 18. UV-Vis absorption, excitation and emission spectra of a) BDP, b) BMP in acetonitrile and c) DCP 
in water. 
 
The compounds display singlet, 1S, and triplet, 3T, state energies adequate for the energy 
transfer to the f emissive levels of both EuIII and TbIII ions (Table 4). Upon coordination of 




7FJ (J=1-4) transitions of Eu
III and 5D4
7FJ (J=6-2) of Tb
III were 
observed (Figures 19a-c). 
a)   
b)   
c)   
Figure 19. UV-Vis absorption (black dash lines), excitation (black solid lines) and emission spectra of 3:1 
complexes of EuIII (left) and TbIII (right) with a) BDP, b) BMP in acetonitrile, and c) DCP in Tris/HCl 
(pH~7.4) buffered DMSO/water (1/19, v/v) solution. 
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The moderate emission efficiencies of 18% and 12% for the EuIII and TbIII complexes of 
BDP, respectively, suggest incomplete energy transfer (Table 4). Similar EuIII and TbIII 
emission spectra were observed for the analogous BMP spectra, with emission efficiencies 
of 23% and 18%, respectively (Table 4 and Figure 19). The characteristic f-f transitions 
were also observed when the DCP-LnIII complexes were excited at 273 nm (Figure 19). 
The overlap of the absorption and excitation spectra in each case indicates that energy was 
transferred from the ligands to the LnIII ions (Figure 19). However, the weak bands 
corresponding to direct f-f excitation seen in the excitation spectrum of the BDP-EuIII 
complex indicate that, in this case, direct excitation is competitive with sensitization 
(Figure 19).  
 
Table 4. The radiative (rad) and observed (obs) emission lifetimes, intrinsic (Φ𝐿𝑛
𝐿𝑛), sensitized (Φ𝑠𝑒𝑛) and 
overall emission (Φ) efficiencies of the 3:1 ligand-to-LnIII complexes of BDP, BMP in acetonitrile and DCP 
in Tris/HCl (pH~7.4) buffered DMSO/water (1/19, v/v) solution at 25.0±0.1 oC. The singlet, 1S, and triplet, 
3T, energies of the ligands were measured at 77 K.40 
Complex 1S [cm-1] 3T [cm-1] obs [ms]
 rad [%] Φ𝐿𝑛
𝐿𝑛[%] Φ𝑠𝑒𝑛 [%]
 Φ [%] 
EuIII-BDP 30100±280 24200±10 1.09±0.03 2.75±0.11 39.7±1.6 44.7±1.8 17.7±0.3 
TbIII-BDP   1.13±0.01    11.6±0.9 
EuIII-BMP 30500±100 22900±190 1.45±0.01 4.32±0.03 33.6±0.3 68.6±0.5 23.0±1.6 
TbIII-BMP   1.92±0.05    18.1±0.8 
EuIII-DCP 31000±100 26000±100 1.54±0.01 3.29±0.12 46.9±1.8 29.8±0.4 14.4±0.2 
TbIII-DCP   1.52±0.02    3.7±0.7 
 
The capped ZnS NPs were prepared as shown in Scheme 3 using procedures described by 





Scheme 3. Synthesis of ligand-capped ZnS NPs.  
 
The binding of the ligands to the surfaces of the NPs was confirmed by the absence of the 
S-H stretching vibration at 2550 cm-1 in the FT-IR spectra of the ligand-capped NPs 
(Figures 20a-c) and presence of the symmetric and asymmetric carboxylate stretching 
vibrations at 1396 and 1561 cm-1 in the FT-IR spectra of NPs functionalized with 3-MPA 
(Figure 20a) and DCP (Figure 20d). The comparison of the FT-IR spectra of BMP-capped 
and DCP-capped NPs shows the appearance of the symmetric and asymmetric carboxylate 
stretching vibrations in the spectrum of the DCP-capped NPs and their absence in the 
spectrum of the BMP-capped NPs (Figure 20d). This indicates the successful 




a) b)  
c) d)  
Figure 20. FT-IR spectra of a) 3-MPA, b) BDP, c) BMP capping ligands and their capped-ZnS NPs and d) 
BMP capped-ZnS NPs and DCP capped-ZnS NPs. 
 
The capping of the NPs is further corroborated by 1H NMR spectroscopy. Comparison of 
the spectra of the free ligands to ligand-capped NPs shows the broadening of the ligand 
resonances which is consistent with the lack of free rotation due to binding to the surface 




Figure 21. 1H NMR spectra of 3-MPA ligand (top) and 3-MPA capped-ZnS NPs (bottom) in D2O-DSS. 
 
 




Figure 23. 1H NMR spectra of BMP ligand (top) and BMP-capped ZnS NPs (bottom) in CDCl3. 
 
Figure 24. 1H NMR spectra of DCP ligand (top) and DCP-capped ZnS NPs (bottom) in D2O-DSS. 
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Compositional analysis by Energy Dispersive X-ray (EDX) spectroscopy of the ligand 
capped NPs showed significant amounts of C, N (absent in 3-MPA), O and S in the 
samples, indicating the presence of the ligands on the surface of the NPs, with all Zn/S 
ratios close to 1:1 (Table 5). 
 
Table 5. Elemental composition analysis by EDX of the BDP, 3-MPA, BMP and DCP-capped ZnS NPs and 
their LnIII systems. 
Complex C % N % O % S % Zn % Eu or Tb % 
ZnS-BDP 90.1 0.64 3.69 2.59 2.98 - 
ZnS-BDP-Eu 49.6 8.13 11.6 15.0 13.4 2.34 
ZnS-BDP-Tb 34.2 7.46 27.5 15.4 13.3 2.20 
ZnS-3MPA 35.6 - 23.7 17.1 14.5 - 
ZnS-3MPA-Eu 52.1 - 18.7 13.8 11.9 3.43 
ZnS-3MPA-Tb 43.8 - 19.2 16.6 17.1 3.38 
ZnS-BMP 36.4 5.21 15.0 15.6 22.4 - 
ZnS-BMP-Eu 92.4 0.15 1.93 3.19 2.20 0.15 
ZnS-BMP-Tb 73.8 6.04 3.17 9.03 6.66 1.26 
ZnS-DCP 55.4 0.32 38.6 2.58 3.06 - 
ZnS-DCP-Eu 48.1 0.90 18.6 15.1 16.0 1.30 
ZnS-DCP-Tb 6.18 1.57 18.6 29.9 41.1 2.66 
 
Transmission electron microscopy (TEM) images of the capped ZnS NPs show mono-
disperse particles with average sizes of 4.1±0.7 nm for 3-MPA, 2.8±0.5 nm for BDP, 
3.1±0.3 nm for BMP and 3.4±0.8 nm for DCP-capped ZnS NPs (Figures 25a-d and Table 
6). The range of the average NP sizes is consistent with values reported for NPs stabilized 
by thiol-capping ligands.42 The capped NPs are crystalline with lattice spacings of 0.30-
0.32 nm corresponding to the (111) plane of cubic ZnS (insets in Figures 25a-d).43, 44 
Powder X-ray diffraction of the capped ZnS NPs also confirmed the crystallinity of the 
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systems corresponding to cubic zinc blende (JCPDS No. 05-0566).45 The diffraction peaks 
are broadened due to the small size of the NPs (Figure 26).45  
 
Table 6. Average sizes of the capped-ZnS NPs and their EuIII and TbIII systems. 
System 3-MPA BDP BMP DCP 
NP 4.1 ± 0.7 2.8 ± 0.5 3.1 ± 0.3 3.4 ± 0.8 
NP-EuIII 3.5 ± 0.5 3.1 ± 0.8 3.0 ± 0.2 3.8 ± 0.3 
NP-TbIII 3.2 ± 0.5 4.7 ± 1.2 3.3 ± 0.2 4.1 ± 0.2 
 
a)  b)  
c)  d)  
Figure 25. TEM of (a) 3-MPA, (b) BDP (c) BMP and (d) DCP capped ZnS NPs. The insets show the 




Figure 26. Powder XRD patterns of 3-MPA, BDP, BMP and DCP capped-ZnS NPs. 
 
LnIII-containing systems of the capped NPs were prepared by mixing adequate amounts of 
LnIII salts and NPs as determined from titration experiments of the water-soluble 3-MPA 
capped NPs. To isolate the capped NPs with LnIII ions complexed onto the capping ligands, 
the systems were centrifuged to facilitate precipitation and the powders dried under 
vacuum. Binding of the LnIII ions was confirmed by FT-IR spectroscopy, as the carbonyl 
and carboxylato stretching vibrations shifted (Table 7 and Figures 27a-d) after LnIII salts 






Table 7. Vibrational frequencies of all capped-ZnS NPs and their LnIII systems. as and s denote the 
asymmetric and symmetric vibrations of the carboxylates, respectively. 
NP System C=O [cm-1] asCOO- [cm-1] sCOO- [cm-1] COO- [cm-1] 
BDP 1588 - -  
BDP-Eu 1591 - -  
BDP-Tb 1591 - -  
BMP 1725 - -  
BMP-Eu 1652 - -  
BMP-Tb 1652 - -  
3-MPA - 1561 1395 166 
3-MPA-Eu - 1546 1388 158 
3-MPA-Tb - 1547 1388 159 
DCP - 1586 1420 166 
DCP-Eu - 1635 1451 184 
DCP-Tb - 1633 1463 170 
 
The difference between the asymmetric and symmetric vibrational frequencies, , 
indicates a mix of bidentate chelate and bridging coordination modes for 3-MPA, and a 
mix of bidentate bridging and monodentate coordination modes for DCP (Table 7).28,46 
Elemental composition analysis by EDX showed significant amounts of EuIII and TbIII in 





a) b)  
c) d)  
Figure 27. FT-IR spectra of a) 3-MPA b) BDP c) BMP and d) DCP capped-ZnS NPs and their LnIII systems 
with assignment of the carbonyl (BDP and BMP) and carboxylate (3-MPA and DCP) vibrations. 
 
After addition of LnIII ions, the NPs remain mono-disperse with unaffected average sizes 
and lattice spacing, thus similar band gaps (Figures 28a-d and Table 6). The particle sizes 
we report here are similar to sizes seen for LnIII-doped ZnS NPs capped with stearate and 
TOPO.46 The crystallinity and morphology of all the samples remain unchanged after LnIII 
complexation as corroborated by powder XRD analysis of LnIII systems (Figures 29a-d).  
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a)   
b)   
c)   
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d)   
Figure 28. TEM of the EuIII (left) and TbIII (right) systems of (a) 3-MPA, (b) BDP (c) BMP and (d) DCP 
capped ZnS NPs. The insets show the lattice spacings of the LnIII-NP systems. 
 
a)  b)  
c)  d)  
Figure 29. Powder diffractograms of a) 3-MPA b) BDP c) BMP and d) DCP-capped ZnS NPs containing 
EuIII and TbIII nitrate salts. 
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The 3-MPA, BDP, BMP and DCP-capped NPs show absorption maxima at 274, 267, 305 
and 288 nm, respectively (Figures 30a-d). As expected, the NP absorption is blue-shifted 
compared to bulk ZnS (3.6 eV or 345 nm).47 The band gaps of the NPs determined from 
the UV-Vis absorption spectra correspond to energies of 4.28, 3.97, 3.80 and 3.83 eV for 
3-MPA, BDP, BMP and DCP-capped NPs, respectively. While the size changes are small, 
as seen by TEM, the variation in the calculated band gaps is influenced by the presence of 
the capping ligands and their own spectroscopic signature.  
The capped NPs can be excited in the range 267-305 nm, leading to NP-based emission 
maxima at 323, 324, 381, and 434 nm, with tailing up to 600 nm (Figures 30a-d). Upon 
coordination of the LnIII salts, no appreciable change of the excitation spectra is seen 
(Figures 30a-d) and the red and green emission of EuIII and TbIII is observed, as evidenced 
by the presence of the characteristic bands in the emission spectra (Figures 30a-d). The 
unchanged excitation and characteristic LnIII emission spectra show that energy was 

















Figure 30. Normalized UV-Vis absorption, excitation and emission spectra of (a) 3-MPA (b) BDP (c) BMP 




Of all the NP systems studied, only the 3-MPA-capped ZnS NPs are soluble in water. Their 
emission decay curves were fitted to second-order exponentials corresponding to emission 
lifetimes of 17.0±0.2 ns and 148.2±3.3 ns in H2O, and 18.0±0.6 ns and 151.7±0.5 ns in 
D2O respectively. For comparison, Saha and co-workers
48 reported an average emission 
lifetime of 35 ns for 3-mercaptoethanol-capped ZnS NPs in H2O with decay curves that 
were fitted to third order exponentials. Our 3-MPA-capped ZnS NPs had an emission 
quantum yield of 0.065±0.003 compared to a value of 0.024 for the reported 3-
mercaptoethanol capped NPs.48 Upon addition of the lanthanide ions, the NP-based 
emission was too weak to allow for determination of lifetimes. 
As this system is water-soluble. through lifetime studies and using the Horrocks equation,49 
after adding EuIII and TbIII, it was found that 7.6 and 8.8 water molecules, respectively, 
were coordinated to the metal ions, which indicates that only one carboxylate is present per 
ion (Table 8). The presence of these water molecules influences the low emission 
efficiencies and short emission lifetimes observed for the 3-MPA-capped NP systems. 
 
Table 8. The emission lifetimes, , and coordinated water molecules, q, of the LnIII-containing systems of the 
3-MPA NPs in H2O and D2O at 25.0±0.1 oC. 
System H2O [ms] D2O [ms] q 
EuIII 0.13±0.02 1.91±0.25 7.6±1.1 
TbIII 0.40±0.01 2.32±0.01 8.8±0.2 
   
While BMP, DCP and BDP are chromophores and therefore able to sensitize LnIII 
emission, 3-MPA- is not a chromophore and unable to sensitize LnIII emission (Figure 
31).28 In these excitation spectra of the 3-MPA complexes with LnIII ions, primarily bands 
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corresponding to f-f transitions of the LnIII ions were observed, which indicates that direct 
excitation is the main pathway to luminescence. As seen in Figures 30a, the excitation 
spectra have the NP-characteristic profile, which therefore indicates that for the NPs 
capped with 3-MPA energy transfer occurs directly from the NP to sensitize LnIII-centered 
luminescence.  
 
a) b)  
c)  
Figure 31. The a) UV-Vis absorption spectrum of deprotonated 3-MPA, along with the excitation and 




Residual NP fluorescence was observed in all of the systems, which in turn suggests 
incomplete energy transfer, as reflected in the measured emission quantum yields, 
especially for the NPs capped with 3-MPA and DCP (Figures 30a-d and Table 9). The 
emission efficiencies of the NPs capped with BDP and BMP were higher than those with 
3-MPA (Table 9), due to the ability of the capping chromophores to act as additional 
sensitizers. Similarly, the determined EuIII sensitization efficiencies of the BDP and BMP 
NPs are significantly higher than the 3-MPA and DCP NPs (Table 9). Unexpectedly, the 
overall emission efficiency and the sensitization efficiency of the DCP NPs are lower than 
that of the BMP NPs but comparable to the 3-MPA NPs (Table 9). This can be attributed 
to less favorable position of the individual energy levels of all the system components. 
Overall, the measured emission efficiencies were higher in the EuIII-based systems, except 
in the case of BDP, which suggests that the position of the energy levels, determined by 
absorption and phosphorescence spectroscopy (vide supra), are better suited for EuIII 
sensitization. The lifetime decay curves of all the NP systems, except the BDP NPs, were 
best fitted as double exponentials (Table 9), most likely due to different binding modes of 
the LnIII ions with the carboxylates.50 The observed moderate emission efficiencies were 
attributed to the unoptimized particle sizes and thus band gap location, as well as ligand 
energy levels, compared to the emissive states of the LnIII ions. In fact, the 5D0 and 
5D4 
levels of EuIII and TbIII, respectively, might be too low for energy transfer from the capped 
NPs to the LnIII ions.23 Since the band gaps of the NPs are influenced by the presence of 
the capping ligands and their own spectroscopic signature, it is, in addition, possible that 
back energy transfer occurs from the capping ligands to the NPs, leading to decreased 
overall efficiency (Tables 9). 
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Table 9. The radiative (rad) and observed (obs) emission lifetimes, intrinsic (ϕ𝐿𝑛
𝐿𝑛), sensitized (ϕ𝑠𝑒𝑛) and 
overall emission (ϕ) efficiencies of the capped ZnS NPs in acetonitrile at 25.0±0.1 oC. 
System rad [ms] obs [ms] ϕ𝐿𝑛
𝐿𝑛 [%] ϕ𝑠𝑒𝑛 x10
-2 [%] ϕ x10-2 [%] 
3-MPA EuIII 1.95 ± 0.05 
0.19 ± 0.05 
1.13 ± 0.05 
57.9 ± 2.3 6.1 ± 0.3 3.5 ± 0.9 
3-MPA TbIII  
0.19 ± 0.04 
1.19 ± 0.06 
  1.1 ± 0.3 
BMP EuIII 2.05 ± 0.08 
0.33 ± 0.10 
1.16 ± 0.13 
56.6 ± 5.0 41.9 ± 4.5 23.4 ± 2.5 
BMP TbIII  
0.43 ± 0.10 
1.16 ± 0.06 
  14.6 ± 0.7 
DCP EuIII 2.89 ± 0.18 
0.43 ± 0.04 
1.13 ± 0.02 
39.1 ± 0.5 8.9 ± 0.2 3.5 ± 0.1 
DCP TbIII  
0.33 ± 0.06 
1.10 ± 0.07 
  1.8 ± 0.4 
BDP EuIII 2.89 ± 0.02 1.43 ± 0.06 49.5 ± 2.0 73.9 ± 2.9 36.4 ± 6.2 
BDP TbIII  1.47 ± 0.10   78.9 ± 10.4 
 
2.4 Conclusions 
In summary, we synthesized two new thiol-based ligands that cap ZnS NPs and bind LnIII 
ions and successfully adopted a one-pot synthesis method to isolate new capped NPs. These 
new mono-disperse crystalline cubic ZnS NPs with sizes in the range 3-4 nm were 
decorated with LnIII ions. We showed that they sensitize LnIII-centered emission with 
moderate efficiency, and that the energy levels of these systems are better suited to sensitize 
EuIII than TbIII, except in the case of BDP-capped NPs. While three of the capping agents 
are chromophores, and thus potentially involved in the energy transfer, one is not, and thus 
we have shown here the first example of surface LnIII sensitization through NPs capped 
with a non-chromophore. Our findings provide a new framework of nanocrystal-lanthanide 




 2.5 Experimental  
All chemicals were reagent grade and used as received. All the solvents, except ethanol 
and methanol, were distilled before use. Millipore water (18.2 MΩ) was used for the 
nanoparticle synthesis. The LnIII salts were dried under reduced pressure and heating. The 
stock solutions were titrated against EDTA in 30% hexamine (w/v) using xylenol orange 
as an indicator,51 followed by storing in a glove box at a controlled atmosphere (O2 < 0.5 
ppm, H2O < 2 ppm). The 
1H and 13C NMR spectra were collected using Varian NMR 
spectrometers operating at either 400 MHz or 500 MHz with chemical shifts, , reported 
in ppm against tetramethylsilane [Si(CH3)4] or 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS) and deuterated chloroform (CDCl3) or deuterium oxide (D2O) used as solvent. 
Electrospray ionization mass spectrometry (ESI-MS) data were acquired using a Waters 
Micromass ZQ quadrupole in positive low resolution mode.  
 
FT-IR spectra were measured on a Nicolet 6700 FTIR in ATR-IR mode. The infrared data 
for each sample were collected in the range 4000 – 590 cm-1, with 32 scans at 4 cm-1 
resolution per spectrum, and a background correction for CO2 and H2O conducted.  
 
The UV-Vis absorption spectra were taken on a Perkin Elmer Lambda 35 UV-Vis 
spectrometer with slit widths set at 0.5 nm and a scan rate of 480 nm/min. The scan range 
was appropriately set for each sample to avoid solvent absorption. The optical band gap 
Eg of the NPs was calculated from the UV-Vis absorbance data by using the wavelengths, 
, of the absorption edge and equation 6.52 
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 ∆𝐸𝑔 =  
1240
𝜆
  Eq. 6 
The emission and excitation spectra were measured either on a Perkin Elmer Lambda LS-
55 or a Horiba Jobin Yvon Nanolog fluorimeter (Horiba FL3-22-iHR550) equipped with 
an ozone-free xenon lamp of 450 W (Ushio). For the Perkin Elmer, the data was collected 
in phosphorescence mode with 0 ms delay, 10 ms gate time, and a cycle time of 16 ms. 
The excitation and emission slit widths were set at 15 and 5 nm and a scan rate of 250 
nm/min was used. For the measurements recorded on the Horiba, the excitation and 
emission slit widths were set at 3/1 and 1 nm and an integration time of 0.1 s at 0.5/1.0 nm 
increments used. All the excitation and emission measurements were conducted at 
25.0±0.1 oC, unless otherwise stated.  
In the glovebox, 1.0 x 10-4 M of 3:1 ligand-to-GdIII complexes were prepared. Each sample 
was transferred into a quartz tube and frozen in liquid nitrogen during data acquisition. 
Ethylene glycol was added to the DCP complex to make a 50:50 mixture of the alcohol 
and aqueous solution. The spectra acquired were deconvoluted by fitting to a Gaussian 
function and the maximum of the highest energy peak (0-0 phonon) chosen as the singlet 
1S or triplet 3T energy level of the ligand. 
Quantum yield measurements of the ZnS NPs were done in acetonitrile using the same 
excitation wavelengths for the samples and standards. The standards used were 
Cs3[Tb(dpa)3] and Cs3[Eu(dpa)3] in Tris/HCl buffer with quantum efficiencies of 22% and 
24%, respectively.53 Due to the poor solubility of the NPs in organic solvents, the EuIII and 
TbIII systems of the capped-ZnS NPs were prepared as follows to allow for reasonable 
emission signal detection and a baseline at A≤0.05 to ensure a linear relationship between 
the intensity of light and the emitting samples. Typically, the dried powders of the LnIII-
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NP systems were dispersed in 5.0 mL of acetonitrile, followed by dilution of 200 L of the 
complex in 3.0 mL of acetonitrile. The quantum yields, ϕ𝑥, of the complexes were 
determined using Equation 1. 
 ϕ𝑥 = ϕ𝑆𝑇 ×
𝑛𝑥
2 𝐴𝑆𝑇  𝐸𝑥
𝑛𝑆𝑇
2  𝐴𝑥 𝐸𝑆𝑇
 Eq. 1 
ϕ is the quantum yield, n is the refractive index of the solution, A is the absorbance at 
A≤0.05 and E is the integrated area of the emission spectrum. Subscripts x and ST denote 
the sample and standard, respectively.7 
 
The capped ZnS NPs were prepared for TEM and EDX analyses by dispersing a small 
amount of the dots in n-butanol followed by sonication. Afterwards, a drop of the sample 
was deposited onto a 400 mesh copper carbon grid (SPI Supplies). The grid was allowed 
to dry before analysis was conducted on a JEOL-2100F field emission transmission 
electron microscope, equipped with an Oxford energy dispersive spectrometer (EDS).  
 
The NPs were analyzed by powder XRD using a Phillips diffractometer with Cu K 





Chelidamic acid (1.00 g, 5.00 mmol) was suspended in ethanol (20 mL) and 1.0 mL of 
concentrated sulfuric acid added, followed by refluxing the mixture overnight. About half 
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of the ethanol was evaporated under reduced pressure and the resultant solution washed 
with saturated NaHCO3 solution (pH 7 – 8), followed by extraction with CHCl3 (5 x 15 
mL), and the combined organic phases dried over anhydrous MgSO4, filtered and 
evaporated to dryness under reduced pressure to yield white crystals of 1 (0.910 g, 76%). 
1H NMR (500 MHz, CDCl3) : 1.41 (t, J = 7.1 Hz, CH3, 6H), 4.44 (q, J = 7.2 Hz, CH2, 
4H), and 7.39 (s, py, 2H) ppm. 
 
2,6-Bis(methylester)-4-hydroxypyridine29 [2] 
Chelidamic acid (0.500 g, 2.49 mmol) was suspended in methanol (20 mL) and 1.0 mL of 
concentrated sulfuric acid added, followed by refluxing the mixture overnight. About half 
of the methanol was evaporated under reduced pressure and the resultant solution washed 
with saturated NaHCO3 solution (pH 7 – 8), followed by extraction with CHCl3 (5 x 15 
mL), and the combined organic phases dried over anhydrous MgSO4, filtered and 
evaporated to dryness under reduced pressure to yield white crystals of 2 (0.331 g, 63%). 
1H NMR (500 MHz, CDCl3) : 4.02 (s, CH3, 6H), and 7.82 (s, py H, 2H) ppm. 
 
2,6-Dicarboxamide-4-hydroxypyridine29 [3] 
AlCl3 (4.41 g, 33.06 mmol) was added to dry toluene (100 mL) under nitrogen and the 
reaction flask was cooled in an ice-bath. While the temperature was below 25°C, 
diethylamine (8.2 mL, 79.61 mmol) was added dropwise, and the mixture allowed to stir 
for 1 h. Next, 1 (1.22 g, 5.09 mmol) was added with vigorous stirring, and the reaction 
mixture heated at 40°C overnight. The resultant dark-red solution was dispersed in water 
(400 mL) and the organic phase extracted with CH2Cl2 (10 x 25 mL). The combined 
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organic phases were dried over anhydrous MgSO4, filtered and evaporated to dryness under 
reduced pressure to yield 3 (1.14 g, 76%). 1H NMR (500 MHz, CDCl3) : 1.14 (t, J = 7.0 
Hz, CH3, 6H), 1.25 (t, J = 7.1 Hz, CH3, 6H), 3.33 (q, J = 7.0 Hz, CH2, 4H), 3.54 (q, J = 
7.1 Hz, CH2, 4H), 7.03 (s, py, 2H) and 10.45 (br, OH, 1H) ppm. 
 13C NMR (100 MHz, 
CDCl3) : 11.18, 12.73, 14.19, 40.26, 42.51, 43.45, 111.74 and 168.81 ppm. 
 
1-Bromo-3-tritylthiopropane30 [4] 
Anhydrous K2CO3 (4.99 g, 36.11 mmol) and triphenyl-methyl-mercaptan (1.00 g, 3.62 
mmol) were added to dry acetonitrile (30 mL) under nitrogen, and the mixture allowed to 
stir for 10 min before 1,3-dibromopropane (1.47 mL, 14.49 mmol) was added. The reaction 
mixture was stirred at room temperature overnight, filtered and the filtrate evaporated to 
dryness under reduced pressure. The resultant crude was recrystallized from 
hexanes/CH2Cl2 (3:1) to give white crystals of 4 (1.28 g, 89%). 
1H NMR (400 MHz, 
CDCl3) : 1.82 (quin., J = 6.8 Hz, CH2, 2H), 2.33 (t, J = 7.3 Hz, SCH2, 2H), 3.33 (t, J = 
6.3 Hz, BrCH2, 2H), 7.19 – 7.23 (m, aryl H, 3H), 7.27 – 7.30 (m, ph, 6H), and 7.41 – 7.43 
(m, ph, 6H) ppm. 13C NMR (100 MHz, CDCl3) : 30.30, 31.65, 32.29, 126.70, 127.93, 
129.59 and 144.73 ppm.  
 
Synthesis of 2-(tritylthio)-ethanethiol33 [5] 
1.8 mL (21.4 mmol) of 1,2-ethanedithiol was added to a 10 mL 50% mixture of 
trifluoroacetic acid/dichloromethane. 0.250 g (0.63 mmol) of 4 was added and the mixture 
stirred at room temperature overnight. The solvent was removed by vacuum transfer and 
the concentrated oil re-dissolved in chloroform (50 mL), followed by washing with water 
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(3 x 25 mL) and brine (3 x 50 mL). The organic phase was dried over magnesium sulfate, 
filtered and concentrated under reduced pressure to yield a pale-yellow oil that was purified 
by flash chromatography in 1:1 Hex/EtOAc to give 5 as a clear oil (0.111 g, 52%). TLC 
(SiO2, hexane/ethyl acetate, 1:1): Rf = 0.91. 
1H NMR (CDCl3, 400 MHz): δ = 7.42 (d, J = 
7.8 Hz, 6H, o-aryl-H), 7.29 (t, J = 7.5 Hz, 6H, m-aryl-H), 7.22 (m, 3H, p-aryl-H), 2.47 (t, 
2H, SCH2), 2.27 (q, J = 7.8 Hz, 2H, CH2SH), 1.42 (t, J = 8.3 Hz, 1H, SH) ppm. 
13C NMR 
(CDCl3, 100 MHz): δ = 144.69, 129.57, 127.94, 126.75, 36.09 and 23.89 ppm. 
 
2,6-Dicarboxamide-4-oxo-(-3-tritylthiopropane)pyridine [Trityl-BDP] 
4 (0.530 g, 1.33 mmol) was dissolved in dry acetonitrile (30 mL) and anhydrous K2CO3 
(1.84 g, 13.3 mmol) was added. While heating, 3 (0.391 g, 1.33 mmol) was added dropwise, 
and the mixture refluxed overnight. The resultant mixture was filtered and CHCl3 (25 mL) 
added to the filtrate. The solution was dispersed in water (100 mL) and the organic phase 
separated. The organic phase was dried over anhydrous MgSO4, filtered and evaporated 
under reduced pressure to give the crude product. This crude was then purified using a 
silica column and eluting with 1:1 hexanes/EtOAc to give Trityl-BDP as a clear oil (0.524 
g, 65%). 1H NMR (400 MHz, CDCl3) : 1.13 (t, J = 7.0 Hz, CH3, 6H), 1.25 (t, J = 7.0 Hz, 
CH3, 6H), 1.78 (quin., J = 6.6 Hz, CH2, 2H), 2.35 (t, J = 7.1 Hz, SCH2, 2H), 3.33 (q, J = 
7.0 Hz, CH2, 4H), 3.54 (q, J = 7.1 Hz, CH2, 4H), 3.96 (t, J = 6.2 Hz, OCH2, 2H), 7.02 (s, 
py, 2H), 7.21 – 7.24 (m, ph, 3H), 7.28 – 7.30 (m, ph, 6H), and 7.40 – 7.42 (m, ph, 6H) ppm. 
13C NMR (100 MHz, CDCl3) : 12.78, 14.26, 27.95, 28.15, 40.10, 43.19, 66.79, 110.10, 
126.69, 127.90, 129.54, 144.70, 155.32, 166.28 and 168.01 ppm. LRMS (ES+) calcd. for 




4 (2.557 g, 6.43 mmol) was dissolved in DMF (30 mL) and anhydrous K2CO3 (9.157 g, 
66.3 mmol) was added. Next, 2 (1.393 g, 6.60 mmol) was added and the mixture heated at 
85oC overnight. The resultant mixture was filtered and CHCl3 (50 mL) added to the filtrate. 
The solution was dispersed in water (25 mL) and washed with brine (5 x 25 mL), dried 
over anhydrous MgSO4, filtered and evaporated under reduced pressure to give Trityl-
BMP (0.588 g, 70%) as a white powder. 1H NMR (400 MHz, CDCl3) : 1.84 (quin., J = 
6.7 Hz, CH2, 2H), 2.39 (t, J = 7.0 Hz,  SCH2, 2H), 4.01 (s, CH3, 6H), 4.04 (t, J = 6.1 Hz,  
OCH2, 2H), 7.20 – 7.23 (m, ph, 3H), 7.24 – 7.36 (m, ph, 6H), 7.41 (d, J = 7.6 Hz, ph, 6H) 
and 7.82 (s, py, 2H) ppm. 13C NMR (100 MHz, CDCl3) : 27.95, 53.22, 66.86, 67.18, 
114.52, 126.72, 127.90, 129.53, 144.65, 149.70, 165.12 and 166.78 ppm. LRMS (ES+) 
calcd. for [M+H]+ 528.18 found 528.77. 
 
2,6-Diethylamide-4-oxo-(-3-thiopropane)pyridine [BDP] 
Under nitrogen, 1,2-ethanedithiol (2.46 mL, 29.2 mmol) was added to 50% mixture of 
trifluoroacetic acid (10 mL) and CH2Cl2 (10 mL), followed by the addition of Trityl-BDP 
(0.524 g, 0.86 mmol) to the solution. The reaction mixture was then stirred at room 
temperature overnight. Next, the solvent was removed by vacuum transfer, followed by 
addition of CHCl3 (30 mL) and the resultant solution washed with water (3 x 25 mL) and 
brine (3 x 25 mL). The organic phase was dried over anhydrous MgSO4, filtered and 
evaporated to dryness under reduced pressure to give a yellow oil that was purified by flash 
chromatography using silica and eluting with 1:1, hexanes:EtOAc to give BDP (0.200 g, 
63%) as a clear oil. 1H NMR (400 MHz, CDCl3) : 1.15 (t, J = 7.1 Hz, CH3, 6H), 1.25 (t, 
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J = 7.1 Hz, CH3, 6H), 1.39 (t, J = 8.1 Hz,  SH, 1H), 2.11 (quin., J = 6.1 Hz, CH2, 2H), 2.71 
(dt, J = 6.9 Hz,  SCH2, 2H), 3.35 (q, J = 7.1 Hz, CH2, 4H), 3.54 (q, J = 7.2 Hz, CH2, 4H), 
4.20 (t, J = 5.9 Hz, OCH2, 2H) and 7.12 (s, py, 2H) ppm. 
13C NMR (100 MHz, CDCl3) : 
12.75, 14.24, 20.93, 32.74, 40.15, 43.24, 66.11, 110.11, 155.36, 166.35 and 168.04 ppm. 
LRMS (ES+) calcd. for [M+H]+ 368.20 found 368.68.  
 
2,6-Bis(methyl)ester-4-oxo-(-3-thiopropane)pyridine [BMP] 
Under nitrogen, 1,2-ethanedithiol (0.94 mL, 11.2 mmol) was added to a 50% mixture of 
trifluoroacetic acid (10 mL) and CH2Cl2 (10 mL). Next, Trityl-BMP (0.174 g, 0.330 
mmol) was added to the solution, followed by stirring the mixture at room temperature 
overnight. The solvent was removed by vacuum transfer, followed by addition of CHCl3 
(30 mL) and the resultant solution washed with water (3 x 25 mL) and brine (3 x 25 mL). 
The organic phase was dried over anhydrous MgSO4, filtered and evaporated to dryness 
under reduced pressure to give a yellow oil that was purified by flash chromatography 
using silica and eluting with 1:1, hexanes:EtOAc to give BMP (32.0 mg, 34%) as a clear 
oil. 1H NMR (500 MHz, CDCl3) : 1.40 (t, J = 8.1 Hz, SH, 1H), 2.15 (quin., J = 6.4 Hz,  
CH2, 2H), 2.75 (dt, J = 6.9 Hz,  SCH2, 2H), 4.02 (s, OCH3, 6H), 4.29 (t, J = 6.0 Hz,  OCH2, 
2H) and 7.82 (s, py, 2H) ppm. 13C NMR (100 MHz, CDCl3) : 20.88, 32.63, 53.29, 66.64, 








BMP (51.5 mg, 0.180 mmol) was suspended in a 1:1 MeOH/water mixture (10 mL) and 
NaOH (18.7 mg, 0.468 mmol) added. The mixture was stirred at 55oC for 4 h, followed by 
filtration of the mixture and evaporating the methanol under reduced pressure. The 
remaining aqueous phase was acidified with 0.1 M HCl until a precipitate was formed. The 
precipitate was isolated by filtration and drying under reduced pressure to yield a white 
powder (25.2 mg, 54%). 1H NMR (400 MHz, D2O) : 2.32 (p, J = 6.7 Hz, CH2, 2H), 2.97 
(t, J = 7.1 Hz,  SCH2, 2H), 4.55 (t, J = 6.1 Hz,  OCH2, 2H) and 7.85 (s, py, 2H) ppm. 
13C 
NMR (100 MHz, D2O) :  13.43, 19.72, 55.56, 99.05, 132.65, 148.96 and 159.71 ppm.  
LRMS (ES+) calcd. for [M+H]+  258.04 found 257.40.  
 
Synthesis of the ZnS NPs 
BDP capped-ZnS NPs [BDP-ZnS] 
ZnCl2 (74.2 mg, 0.544 mmol) was dissolved in water (55 mL) and nitrogen was bubbled 
through the solution while adding 7 (200 mg, 0.544 mmol) dissolved in acetonitrile (55 
mL) dropwise with vigorous stirring. Next, Na2S.9H2O (130.7 mg, 0.544 mmol) dissolved 
in water (55 mL) was added dropwise, followed by stirring the mixture at room temperature 
with nitrogen bubbling for 1 hr. Afterwards, the NPs were isolated from the cloudy 
suspension by centrifugation at 104 rpm for 5 min, followed by washings with water and 






BMP capped-ZnS NPs [BMP-ZnS] 
Zinc chloride (62.6 mg, 0.459 mmol) was dissolved in water (42 mL) and nitrogen was 
bubbled through the solution while adding 8 (129.0 mg, 0.452 mmol) dissolved in 
acetonitrile (42 mL) dropwise with vigorous stirring. Next, Na2S.9H2O (108.0 mg, 0.450 
mmol) dissolved in water (42 mL) was added dropwise, followed by stirring the mixture 
at room temperature with nitrogen bubbling for 1 hr. Afterwards, the NPs were isolated 
from the cloudy suspension by centrifugation for 5 min at 104 rpm followed by washings 
with water and isopropanol, then dried under reduced pressure to give BMP-ZnS (37.0 
mg) as a white solid. 
 
DCP capped-ZnS NPs [DCP-ZnS] 
The BMP capped-ZnS NPs (37.0 mg) were treated with 0.1 M NaOH solution to pH 10 
and allowed to stir overnight at room temperature. The sample was centrifuged at 104 rpm 
for 5 min, followed by two washings with ethanol. Next, the precipitate was dried under 
reduced pressure at room temperature to give DCP-ZnS as a white solid. 
 
3-mercaptopropanoate capped-ZnS NPs [3-MPA-ZnS] 
The 3-MPA capped ZnS NPs were synthesized following a previously reported 
procedure.41 Typically, zinc chloride (1.361 g, 9.99 mmol) was dissolved in water (100 
mL) and nitrogen was bubbled through the solution while 3-mercaptopropanoic acid (0.87 
mL, 10.0 mmol) diluted in water (100 mL) was added dropwise. The resultant solution was 
treated with 0.1 M NaOH to pH 10, followed by degassing for 30 min with nitrogen before 
Na2S.9H2O (2.400 g, 9.99 mmol) dissolved in water (100 mL) was added dropwise. The 
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now clear solution was allowed to stir at room temperature for 30 min, exposed to air and 
then heated at 50oC for 2 h. Afterwards, the solution was precipitated with ethanol and the 
white precipitate isolated by centrifugation at 104 rpm for 5 min, washings with ethanol 
and drying under reduced pressure at room temperature to give 3-MPA-ZnS (1.815 g) as 
a white solid. 
 
Preparation of the LnIII complexes of BDP, BMP and DCP 
The LnIII complexes of BDP and BMP were prepared by adding 3:1 ligand-to-metal 
stoichiometric amounts in a 5-mL volumetric flask, and diluting to the mark with 
acetonitrile to give a complex concentration of 1.0 x 10-4 M, followed by stirring the 
mixture at room temperature for 24 h. 
Typically, the 3:1 ligand-to-metal complexes of DCP were prepared by stirring potassium 
carbonate (3.7 mg, 0.027 mmol) and 9 (6.9 mg, 0.027 mmol) in water (10 mL) for 30 min, 
followed by the addition of 1 equivalent (0.009 mmol) of the LnIII salt. The mixture was 
heated at 80oC for 18 h, followed by filtering off the complex as a pale-white powder. Next, 
2.0 x 10-4 M complex solutions were prepared by dissolving the dried powders in Tris/HCl 
(pH~7.4) buffered DMSO/water (1/19, v/v) solution. 
 
Preparation of the LnIII-containing systems of the capped-ZnS NPs 
The optimum ratio of NPs and LnIII determined from titration experiments of the 3-MPA 
capped ZnS NPs was used. The as prepared NPs and LnIII salts were dispersed in 5.0 mL 
of acetonitrile and stirred at room temperature overnight, followed centrifugation to ensure 
complete precipitation, and the powders were dried under reduced pressure. 
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Appendix 3. a) LRMS (ES+) of Trityl-BDP and b) the isotopic pattern. 
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Appendix 4. a) LRMS (ES+) of Trityl-BMP and b) the isotopic pattern. 
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Appendix 7. a) LRMS (ES+) of BDP and b) the isotopic pattern. 
a) b)
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Appendix 8. a) LRMS (ES+) of BMP and b) the isotopic pattern. 
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Appendix 10. a) LRMS (ES+) of DCP and b) the isotopic pattern. 
 











3 Sensitization of near-infrared LnIII [Ln = Yb or Nd] ions using 




The optical properties of trivalent lanthanide (LnIII) ions make them uniquely suited for 
imaging and sensing applications.1-3 The emission spectra have narrow bands (FWHM = 
10 nm) arising from the core nature of the 4f electrons, as these are shielded from the ligand 
field by the filled 5s and 5p orbitals.3-5 The emissive excited states are long-lived, with 
lifetimes in the s to ms range, due to the Laporte forbidden f-f transitions.4 As a result of 
the forbidden nature of the f-f transitions, LnIII ions have low molar absorptivities ( = 1 M-
1 cm-1), and their direct excitation is inefficient.4 Therefore, efficient sensitization of LnIII 
ion emissions is achieved through an organic ligand capable of transferring energy from its 
excited singlet (1S) and triplet (3T) levels to the emissive f excited state.3-5 While there is 
ongoing interest in new organic ligands as sensitizers, the syntheses often require elaborate 
procedures and tedious purification steps.6-9 
Alternatively, nanoparticles (NPs) can be used as optical antennae to sensitize the LnIII-
centered emission. The size-dependent band gap tunable properties of NPs and the ease of 
their synthesis provide a facile route to new platforms for the sensitization of LnIII-centered 
luminescence.10-14 For instance, host-lattices such as CdS, CdSe, ZnS, In2O3, LaF3, YVO4, 
NaYF4, Y2O3, ZnAl2O4 and ZnGa2O4 doped with Ln
III ions have been shown to transfer 
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energy to the emissive f levels following excitation of the host-lattice at a wavelength of 
absorption.10, 15-26 The doping of LnIII ions into these host-lattices reduces the quenching of 
the metal-centered luminescence by high energy oscillators such C-H, O-H and N-H 
vibrations from solvent molecules.15 Efforts to enhance the sensitization efficiency of LnIII 
ions has led to the synthesis of LnIII-doped NPs that are surface functionalized with organic 
ligands with 3T energy levels better matched with the f emissive energy levels of the metal 
ions.16, 26-28 Chowdhury and co-workers27 demonstrated that enhancement of LnIII-centered 
luminescence can be achieved by functionalizing the surface of the NPs with ligands 
capable of chelating and sensitizing LnIII ions.29, 30 Imbert, Mazzanti and co-workers30 
reported the sensitization of visible and near-infrared (NIR) LnIII ions by 
InPZnS@ZnSe/ZnS NPs grafted with LnIII-complexes. We demonstrated that ZnS NPs 
capped with thiol-appended 2,6-pyridine-derivatives29 and surface functionalized carbon 
NPs31 were not only able to chelate EuIII and TbIII ions, but also sensitized their emission 
following excitation of the NPs. With the ZnS NPs work, we showed that there is direct 
energy transfer from a NP to visible emitting LnIII ions using the non-chromophore 3-
mercaptopropionate (3-MPA) as surface capping ligand; the ligand is not directly involved 
in the sensitization of the metal ions.29 Despite the LnIII-centered emission, the energy 
transfer from the ZnS NPs to visible emitting EuIII and TbIII ions was inefficient, which 
was attributed to the mismatch of the wide band gap (bulk ZnS = 3.7 eV or 29,840 cm-1) 
of the ZnS NPs relative to the emissive f levels of the EuIII and TbIII ions (Scheme 1).29, 30 
With the goal of sensitizing near-infrared (NIR) emitting LnIII ions (Ln = Yb or Nd), we 
decided to use CdS NPs that provide a lower energy band gap (bulk CdS = 2.4 eV or 19,360 




Scheme 1. Energy level diagram of bulk CdS, ZnS and LnIII ions. 
 
The use of CdS NPs as sensitizers is particularly advantageous due to their high 
photostability, high photoluminescence quantum yield and the ease of tuning their emission 
wavelength by varying their size.32 We adopted a simple hydrothermal method for 
synthesizing water-soluble, band gap tunable, 3-MPA capped CdS NPs.33 The ability of 
the NPs to coordinate NIR emitting LnIII (Ln = Yb or Nd) ions and sensitize the 
luminescence of the metal ions was investigated using infrared, NMR, UV-Vis absorption, 
and photoluminescence spectroscopy. The structure and crystallinity of the NPs and their 
LnIII systems were studied using transmission electron microscopy (TEM) and powder X-




3.2 Results and discussion 
CdS NPs were prepared using a one-pot non-injection hydrothermal method previously 
reported by Schneider and co-workers.33 The method allows for the average sizes of the 
NPs to be tuned by varying the heating time of the reaction. We chose reaction times of 30, 
50 and 120 minutes. The particles were purified by centrifuging and washings with ethanol. 
The removal of free 3-MPA and evidence for the binding of the 3-MPA ligands to the NPs 
was verified by the absence of the S-H (2550 cm-1) as well as the presence of the symmetric 
(1395 cm-1) and asymmetric (1557 cm-1) carboxylate stretching vibrations in the Fourier 
transform infrared (FT-IR) spectra of the NPs (Figure 1).29, 34-36 
 




The binding of the capping 3-MPA ligand to the NPs was further supported by 1H NMR 
spectroscopy, as the proton resonances of 3-MPA broadened following binding (Figures 
2a-c) due to a lack of free rotation of the ligand.27, 37 Elemental composition analysis of the 
NPs indicated the presence of significant amounts of C, S, O and Cd in the samples that 
are consistent with the targeted composition (Table 1).  
 
Table 1. Elemental composition determined by EDX of the 3-MPA capped CdS NPs. 
Sample C % O % S % Cd % Yb/Nd % 
30 min NPs 43.53 36.40 12.54 7.54  
30 min NP-Yb 62.93 18.10 7.05 5.06 6.86 
30 min NP-Nd 62.65 11.82 1.07 1.90 22.56 
50 min NPs 65.39 11.00 12.89 10.72  
50 min NP-Yb - - - - - 
50 min NP-Nd - - - - - 
120 min NPs 86.78 9.38 1.71 2.12  
120 min NP-Yb 29.44 27.72 23.42 14.31 5.12 







Figure 2. 1H NMR spectra of the a) 30 min, b) 50 min and c) 120 min 3-MPA capped CdS NPs only (bottom) 
and their LaIII-systems (top) in D2O-DSS. 
 
TEM images of the NPs showed that these are monodisperse and crystalline with d-
spacings of ~0.34 nm that correspond to a cubic structure (Figures 3a-c and insets). The 
average sizes of the NPs were measured to be 3.5±0.2, 3.1±0.3 and 3.6±0.6 nm for the 30, 





Figure 3. TEM images of the a) 30, b) 50 and c) 120 min NPs. The insets show the lattice fringes and spacing. 
 
Table 2. Average sizes of the NPs and their LnIII systems determined from TEM measurements. 
Sample NP [nm] NdIII-NP [nm] YbIII-NP [nm] 
30 min 3.5±0.2 3.9±0.3 4.0±0.6 
50 min 3.1±0.3 - 3.3±0.2 




The cubic structure was corroborated by powder X-ray diffraction (XRD) analysis. The 
diffractograms show broad peaks at 2 = 26o and 47o that correspond to the (111) and (220) 
planes of cubic CdS, respectively (Figure 4).33 The broad diffraction peaks result from the 
small size of the NPs.38 
 
 
Figure 4. Powder XRD diffractograms of the NPs. 
 
The 30, 50 and 120 min NPs showed UV-Vis absorption maxima at 358, 368 and 386 nm, 
respectively (Figure 5). This shows that the photophysical properties of the prepared NPs 
are tunable using varied heating times, as indicated by Schneider and co-workers.33 The 30 
min NPs fluoresced green, while the 50 and 120 min NPs fluoresced yellow (Figure 5 
inset). The band gaps of the NPs, estimated from their UV-Vis absorption spectra, 
decreased with prolonged reaction times from 3.22 eV or 25,971 cm-1 for the 30 min NPs, 






Figure 5. UV-Vis absorption spectra of the NPs in water. The inset shows the fluorescence of the aqueous 
solutions of the 30 (left), 50 (middle) and 120 min (right) NPs under UV-lamp irradiation, respectively. 
 
The tunability of the NP band gaps was confirmed by the red-shifting of the excitation and 
emission spectra of the 30, 50 and 120 min NPs in water (Figure 6, top). Their emission 
maxima are at 556, 574 and 592 nm, while the maxima of the excitation spectra were 356, 
366 and 380 nm for the 30, 50 and 120 min NPs, respectively (Figure 6, top). A similar 
behavior was observed for the solid-state samples (Figure 6, bottom). The fluorescence 
quantum yields of the NPs were 2.0, 3.2 and 3.4% for the 30, 50 and 120 min NPs, 
respectively (Table 1). The fluorescence emission lifetimes of the NPs in solution were 
fitted to second-order exponential decays, consistent with the presence of core (long-lived) 
and surface (short-lived) states (Table 1 and Figures 7a-b).39 The linear increase in 
emission quantum yields of the NP emission with increasing reaction time is consistent 
with results reported by Schneider and co-workers33 (Table 3). However, the emission 
lifetimes of the 50 min NPs were higher than the 30 min and 120 min NPs in either H2O, 
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D2O or in the solid-state (Table 3). Uosaki and co-workers
39 also observed this effect in 
CdS NPs, and attributed it to an increase in the interior trap states (crystal defects) with 
increasing NP size. In going from 30 min to 50 min, the increase in NP size leads to a 
decrease in the surface/volume ratio of the NPs, thus a decrease in the surface states which 
act as recombination centers.39 
 
 
Figure 6. Excitation (dashed lines) and emission (solid lines) spectra of the NPs in water (top) and in the 
solid-state (bottom). 
 
Table 3. Fluorescence emission quantum yields, , and emission lifetimes, , of the NPs obtained in H2O, 
D2O and solid-state at 25.0±0.1 oC. 

























Figure 7. Emission decay curves of the NPs in a) H2O and b) solid-state. 
 
LnIII-containing systems of the NPs were prepared by stirring optimum amounts of the 
dried NP powders with the chloride salts of the LnIII (Gd, Yb or Nd) ions in deuterium 
oxide at room temperature overnight. The optimum ratio of LnIII ions to NPs was 
determined by titrating EuIII ions with the NPs, which resulted in the observation of typical 
EuIII 5D0→
7FJ (J = 0-4) transitions (Figure 8a), and monitoring the emission intensity of the 
5D0→
7F2 transition of the Eu
III at 615 nm (Figure 8b) as a function of added NPs. The 
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intensity increased steadily to reach a maximum at 5.45 x 10-7 mol EuIII ions to 0.20 mg 
NPs; subsequent quenching of the LnIII-centered emission was attributed to aggregation 
effects.30 The prepared LnIII-containing systems of the NPs were purified by centrifuging 
to isolate the LnIII-NP systems as powders. 
 
a) b)  
Figure 8. The emission spectra and the b) corresponding plot of EuIII emission intensity at 615 nm as 
a function of added NPs obtained in H2O at 298 K. 
 
Evidence for the coordination of the LnIII ions by the carboxylato groups of the capping 
ligands was confirmed by shifts in the asymmetric and symmetric vibrations of the 
carboxylato groups (Figures 9a-c and Table 4). These shifted from 1395 and 1554 cm-1 to 
1405 and 1532 cm-1, respectively, following coordination of the LnIII ions (Figures 9a-c 





Figure 9. Infrared spectra of the 30 (left), 50 (middle) and 120 min (right) 3-MPA capped NPs and their YbIII 
and NdIII systems. 
 
Table 4. The vibrational energies of the symmetric (s) and asymmetric (as) carboxylato vibrations of the 
LnIII-NP systems. 
CdS NPs 30 min [cm-1] 50 min [cm-1] 120 min [cm-1] 
NaI-NPs as = 1554 
s = 1395 
as = 1554 
s = 1395 
as = 1556 
s = 1398 
NdIII-NP as = 1532 
s = 1405 
as = 1533 
s = 1402 
as = 1538 
s = 1408 
YbIII-NP as = 1538 
s = 1402 
as = 1541 
s = 1407 
as = 1538 





The coordination of the LnIII ions by the 3-MPA was further confirmed by 1H NMR 
spectroscopy. The proton resonance of the methylene group closer to the carboxylate at 
2.82 ppm is shifted to 2.92 ppm following addition of the LaIII salts (Figures 2a-c). The 
other methylene proton resonance was shifted from 2.50 ppm to 2.59 ppm after addition of 
the LaIII salts (Figures 2a-c). 
Addition of the LnIII salts to the NPs had no effect on the structure of the NPs as the 
diffractograms show broad peaks that correspond to the (111) and (220) planes (Figures 
10a-c), indicating that the NPs still have a cubic structure.  
 
a)  b)  
c)  




Similarly, the crystallinity, cubic phase and average diameters of the NPs were unchanged 
following coordination of LnIII ions to the surface 3-MPA ligands of the NPs (Table 2, 
Figures 11a-c and insets).  
a)   
b)   
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c)   
Figure 11. TEM images of the NdIII (left) and YbIII (right) systems of the a) 30 min, b) 50 min and c) 120 min 
NPs. The insets show the lattice spacing. 
 
Excitation of the aqueous and solid-state LnIII-containing NP systems at the 
wavelength of NP absorption resulted in the typical 4F3/2→
4I11/2 (1058 nm) and 
2F5/2→
2I7/2 (976 nm) transitions of Nd
III and YbIII, respectively (Figures 10a-c). The 
excitation spectra of these systems match the absorption spectra of the NPs, 
indicating that the LnIII-centered emission is a result of energy transfer from the NPs 






Figure 12. Excitation (dashed lines) and emission (solid lines) spectra of the a) 30 min, b) 50 and c) 120 min 




To further validate that the energy is indeed transferred from the NPs to the 
coordinated LnIII ions, aqueous solutions of the LnCl3 salts and Ln
III-containing systems 
(Ln = Yb or Nd) of 3-MPA were excited at 380 nm. The excitation of the samples failed 
to yield typical NdIII- or YbIII-centered transitions in the emission spectra (Figures 13a-
b). Also, monitoring the emissions of YbIII (980 nm) and NdIII (1064 nm) resulted in the 
observation of f-f transitions of the LnIII ions in their excitation spectra (Figures 13a- b). 
These observations indicate that NdIII- or YbIII-centered emission is only sensitized in the 
presence of the NPs, thus, energy was transferred from the NPs to the LnIII ions. 
 
a) b)  
Figure 13. NIR Excitation and emission spectra of a) LnCl3 and b) LnIII-containing systems of 3-MPA in 
D2O obtained at 298 K. Ln = Nd (black lines) and Yb (red lines). 
 
The emission efficiencies of the LnIII-containing NP systems were 0.02% and 0.01% for 
the 30 min NdIII and YbIII systems of the 30 min NPs, respectively (Table 5). In comparison, 
the emission efficiencies of the 50 min and 120 min LnIII-NPs systems were 0.01% for both 
NdIII and YbIII systems (Table 5). Comparison of the emission intensities of the solution 
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and solid-state spectra showed weaker LnIII-centered emission in the latter case, especially 
for the YbIII systems, which was attributed to aggregation effects (Figures 12a-c).  
 
Table 5. Emission quantum efficiencies, , of the LnIII-containing systems in D2O at 25.0±0.1 oC. 
System 30 min 50 min 120 min 
NdIII  [%] 0.021±0.004 0.012±0.002 0.012±0.001 
YbIII  [%] 0.010±0.005 0.010±0.005 0.010±0.002 
 
The luminescence emission lifetimes of the LnIII-containing NP systems were also 
measured. The emission decay curves of the LnIII-containing systems could be fitted 
to second-order exponentials, corresponding to core and surface states of the NPs as 
observed for the NPs without any LnIII ions added (Tables 3 and 6). In comparison, 
the emission lifetimes of the NPs without LnIII ions were higher than the LnIII-
containing NP systems (Tables 3 and 6). This is a result of the energy transfer from 
the NPs to the LnIII ions.  
 
Table 6. The emission lifetimes  of the YbIII and NdIII systems the NPs in D2O obtained at 25.0±0.1 oC. 















We successfully adopted a one-pot non-injection hydrothermal method to synthesize 
3-MPA capped CdS NPs. The NPs were water-soluble and the surface 
functionalized 3-MPA ligand chelated LnIII ions via the carboxylato groups. The 
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NPs sensitized NIR LnIII-centered emission upon excitation with emission 
efficiencies of 0.02% and 0.01% for the 30 min NdIII and YbIII systems, respectively. 
The emission efficiencies for the NdIII and YbIII systems were 0.01% for both the 50 
min and 120 min LnIII-NP systems. The fluorescence lifetimes of the NPs decreased 
following addition of the NIR-emitting LnIII ions, which indicates the transfer of 
energy from the NPs to the LnIII ions. These systems serve as new luminescent 
materials for potential applications in imaging. 
 
3.4 Experimental 
All materials used in the synthesis were used as purchased. Millipore water (18.0 
M) was used for all syntheses and spectroscopy. The infrared spectra were 
recorded using a Nicolet 6700 FT-IR spectrometer in the range 600 – 4000 cm-1 with 
4 cm-1 resolution in ATR mode. The NMR spectra were acquired using Varian NMR 
instruments operating at 400 or 500 MHz. The UV-Vis absorption spectra were 
acquired on a PerkinElmer Lambda 35 spectrometer, whereas the excitation and 
emission spectra were acquired on a Horiba Nanolog fluorimeter equipped with a 
450 W xenon (Ushio) lamp. Both excitation and emission spectra were corrected for 
instrumental response function. The emission lifetimes of the NPs were recorded in 
TCSPC mode using either a 367 or 394 nm peak wavelength NanoLED. Powder 
XRD data were acquired using a Bruker D2 Phaser equipped with a Cu radiation 
(k = 1.5418) source operating at 30 kV and 10 mA with 3.0 mm air-scatter filter. 
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TEM and EDX analyses were done using a JEOL-2100F field emission transmission 
electron microscope, equipped with an Oxford energy dispersive spectrometer. 
 
Synthesis 
54.0 mg (0.175 mmol) of cadmium nitrate tetrahydrate and 22.0 mg (0.289 mmol) 
of thiourea were dissolved in 14 mL of water and a 20 mL aqueous solution of 34.4 
L (0.395 mmol) of 3-MPA was added and the pH adjusted to 10 with 0.1 M NaOH. 
The solution was bubbled with nitrogen for 30 min before the mixture was 
transferred into a pressure vessel under nitrogen and sealed. The vessel was heated 
at 100oC for either 30, 50 or 120 min and allowed to cool to room temperature before 
the pressure vessel was opened. The NPs were precipitated with ethanol and the 
mixture was centrifuged for 10 min at 104 rpm to isolate the NPs. The NPs were 
washed twice with ethanol and centrifuged as before. The isolated NPs were dried 
under vacuum at room temperature. 
 
Emission quantum yield measurements 
The emission quantum yields of the NPs and their LnIII systems emission were 
measured using a Horiba Jobin Yvon Nanolog integrating sphere coated with 
Spectralon which has a flat 95% reflectance in the range 250 – 2500 nm. The 
emission quantum yields were determined using the equation given below. 
ϕ =  
Ec−Ea
La−Lc
        Eq. 1 
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ϕ is the emission efficiency, E and L denote the integrated luminescence and 
integrated excitation areas, respectively. The subscripts a and c denote the blank 
(sample holder with solvent) and sample, respectively.40  
 
The quantum yield measurements of the LnIII-containing NP systems were 
determined in D2O by comparing against an air-saturated Yb(tta)3(H2O)2 standard 
in toluene (ϕ = 0.12%).41 The NP systems were diluted to achieve an absorbance 
(A≤0.3) at 380 nm (NdIII systems) or 395 nm (YbIII systems) and both the samples 
as well as the standard were excited at the same wavelength to allow for reasonable 
emission signal detection and a linear relationship between the intensity of light 
absorbed and emitting species. The quantum yield, ϕx, of each complex was 
determined using equation 2. 
ϕx = ϕST ×
nx
2 AST  Ex
nST
2  Ax EST
     Eq. 2 
n is the refractive index of the solvent, A is the absorbance at A≤0.05 and E is the 
integrated area of the emission spectrum. Subscripts x and ST denote the sample and 
standard, respectively.5 
 
Determination of the LnIII/NP ratio 
LnIII-NP systems were prepared by mixing 50 L of EuCl3 [1.09 x 10
-2 M] with 100 
L incremental aliquots of the NPs [0.24 mg/mL] and diluting each to 5.0 mL, 
followed by stirring at 300 rpm for 18 h at room temperature. Emission spectra of 
the aliquots were then acquired and the emission intensity of the 5D0→
7F2 transition 
of EuIII monitored as a function of added NPs in order to determine the optimum 
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ratio of LnIII-to-NP. The optimum ratio determined from the titration experiment 
was 50 L (5.45 x 10-6 mol) of LnIII to 800 L (0.19 mg) of NPs.  
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4 Using carbon dots to sensitize LnIII-centered emission 
 
The work in this chapter was published in the Journal of Luminescence as “LnIII-centered 
emission sensitized through fluorescent carbon dots” and can be accessed through the DOI: 




Lanthanide-based luminescent materials are useful in several fields such as displays, opto-
electronic devices, photoluminescent labels, etc. due to their narrow emission bands 
(FWHM 10 nm) and thus high color purity as well as long emission lifetimes.1-3 In 
bioimaging applications, these properties allow for spectral and temporal separation from 
the luminescence of the biological material, and therefore lanthanide(III) (LnIII) ions have 
been pursued for this application. As the f-f transitions, which are responsible for the 
luminescence, are parity-forbidden, this leads to low molar absorptivities of the LnIII, and 
thus their direct excitation is inefficient.4 Consequently, organic ligands or inorganic 
matrices are often used as sensitizers.5 The sensitization process begins with the absorption 
of energy by the sensitizing chromophore, populating its singlet (1S) excited state that can 
then undergo intersystem crossing in the presence of a heavy atom to a triplet (3T) excited 
state, from which the energy is transferred to the LnIII, and the latter then emits light.1, 3, 6 
Back energy transfer will compete with energy transfer if the 3T energy level of the ligand 
is too close to the emissive f excited state of the LnIII leading to a decrease in the overall 
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emission efficiency. Therefore, research devoted to the synthesis of new organic ligands 
that have ideal photophysical properties to sensitize LnIII-centered emission has been a very 
active field. For example, our group has demonstrated that the 3T energy level of pyridine-
2,6-bis(oxazoline) can be tuned by varying the substituents at the para position.7 However, 
the synthesis of new organic sensitizers often involves several steps that are time and 
reagent consuming.8, 9  
The use of nanoparticles to sensitize LnIII ions is an attractive field due to the simpler 
synthesis, compared with organic ligands, and the possibility of tailoring band gap and thus 
energy transfer efficiency through size control. Further, it is possible to functionalize the 
nanoparticle (NP) surface for specific applications.10-15 We reported that ZnS NPs capped 
with 3-MPA (3-mercaptopropionato), a non-chromophore, sensitized LnIII emission 
indicating the energy transfer from the NPs to the LnIII ions.16 Mazzanti and co-workers 
reported that InPZnS quantum dots in bi-luminescent hybrids are also able to sensitize LnIII 
emission in the visible and NIR regions.17 While these NPs sensitize LnIII emission, they 
are toxic and the energy transfer process is not very efficient. 
Since Xu and co-workers18 first reported in 2004 fluorescent carbon quantum dots or 
carbon dots (CDs), these have found application in sensing and imaging due to their low 
toxicity, biocompatibility, high chemical stability, tunable electronic properties and ease 
of synthesis and surface modification.19-21 They can be synthesized from complex carbon 
structures such as graphite22, carbon nanotubes23, graphite oxide24 (top-down approach) or 




Due to their luminescence properties, CDs have found a variety of applications. The use of 
CDs in luminescent inks formulations was reported by Chen and co-workers29 and Xu and 
co-workers reported the use of green luminescent CDs, synthesized from L-ascorbic acid 
and glycol, to tag yeast cells.30 Zhu and co-workers reported blue luminescent CDs, 
synthesized from hair fibers, used to tag HeLa cells. Sun and co-workers synthesized water-
soluble CDs from pomelo peel and used them to sense HgII. 31 Kar and co-workers reported 
CDs in imaging of living cells, in fluorescent ink dyes, and in the detection of FeIII and in 
sensing of NH3 and F
- via a “turn-on” mechanism.32 
Despite the ion sensing and imaging capabilities of CDs described in the examples above, 
the broad emission bands and short lifetimes are drawbacks for several applications, 
including bioimaging. However, the intense UV absorption band and ease of synthesis 
make them attractive to be used as sensitizers for LnIII emission and recently Huang and 
co-workers reported the incorporation of EuIII into the core of CDs and the resulting 
materials were used to detect phosphate ions in solution.33 More recently, Wong and co-
workers also showed that CDs can be decorated with YbIII or NdIII, sensitize the LnIII NIR 
centered-emission and be used as a photoluminescent label for HeLa (cervical cancer) 
cells.34 While the NIR sensitization for the surface-decorated CDs has been demonstrated, 
there are no examples of visible light emission, which is of interest for optical imaging and 
sensing in the visible region of the electromagnetic spectrum. 
Therefore, we synthesized CDs from acetic acid and phosphorus pentoxide28 and decorated 
the NPs with EuIII and TbIII with the goal of isolating red and green emissive systems, 
where the metal-centered emission is sensitized through the CDs.35 The mechanism of the 




Scheme 1. Sensitization of LnIII luminescence by CDs. 
 
4.2 Results and discussion 
CDs to be used as sensitizers of LnIII were synthesized using a “bottom-up” approach 
described in the literature.28  
 
Scheme 2. Synthesis of the CDs.28 
 
In this process there was no need for an additional energy source due to the exothermic 
reaction between P2O5, glacial acetic acid and water (Scheme 2). The 
13C-NMR spectrum 
(Figure 1) of the resulting CDs is mainly composed of resonances for three different 
128 
 
groups, namely C-C ( 20-30 ppm), C=C ( 100-150 ppm) and C=O ( 150-210 ppm), 
which is consistent with the FT-IR spectroscopy results (Figure 2) and is in agreement with 
the data reported by Wang and co-workers.28 The C=O, C=C and C-O vibrations of the 
CDs appeared at 1729, 1621 and 1396 cm-1, respectively (Table 1 and Figure 2). 
 
 
Figure 1. 13C-NMR spectrum of the CDs in DMSO-d6. 
 
Table 1. Main vibrational frequencies of the CDs, CDs:EuIII and CDs:TbIII systems. 
Systems (C=O) / cm-1 (C=C) / cm-1 (C-O) / cm-1 
CDs 1729 1621 1396 
CD:EuIII 1721 1621 1396 





Figure 2. FT-IR spectra of the (a) CDs, (b) CDs:EuIII and (c) CDs:TbIII systems. 
 
The CDs were crystalline and monodisperse with an average size of 4.3±0.5 nm (Figure 
3), as determined by transmission electron microscopy (TEM). The crystallinity was 
confirmed from the observed lattice fringes in the TEM images (inset in Figure 3) with d-
spacings of 0.32 and 0.21 nm that correspond to the (001) and (002) planes of a graphitic 
material.28  
 
Figure 3. TEM image of the CDs. Inset shows the lattice spacing.  
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The photophysical properties of CDs can be attributed to emission from π-systems islands 
(core) or recombination of electron/holes created by surface defects (surface).20 Due to the 
high complexity and the existence of different surface defects the emission peak of the CDs 
is dependent on the excitation wavelength (Figure 4).20, 22, 36 The CDs emitted in the range 
350 – 700 nm when excited at 280 and 350 nm (Figure 4). The two bands at 280 and 360 
nm appeared in the excitation spectra, while the corresponding emission maxima were at 
430 and 500 nm, respectively (Figure 4).  The fluorescence quantum yields of the CDs 
were measured to be (0.20 ± 0.02)% (exc = 347 nm), which is in the same order of 
magnitude of the value reported for CDs derived from candle soot (<1%).37   
 
 
Figure 4. Excitation (left, black traces) and emission spectra (right, green and blue traces) of the CDs upon 
excitation at (a) 280 nm and (b) 350 nm. All the spectra were obtained at 298 K in acetonitrile. 
 
The emission lifetime obtained by monitoring the emission at 500 nm (6.5  0.1 ns) was 
longer than that obtained for the emission monitored at 400 nm (3.1  0.2 ns) (Figures 5a-
131 
 
b), thus, suggesting that the emission at 500 nm is a core emission, while the emission at 
400 nm is related to the surface.  
a) b)  
Figure 5. Emission decay curves for the CDs, obtained in acetonitrile at 298 K. (a) Exponential decay and 
(b) linearization. 
 
The LnIII-containing systems of the CDs were prepared by titrating the CDs solution into a 
solution of Ln(NO3)3 (Ln = Eu
III or TbIII), which led to an increase in the LnIII-centered 
emission until an optimum ratio of CDs (0.68 mg/mL) to LnIII (1.19 x 10-7 mol) was reached 
(Figures 6a-b). 
  




Figure 6. Emission spectra obtained using different ratios CDs:LnIII in acetonitrile at 298 K, for the systems 
(a) CDs:EuIII (left) and (b) CDs:TbIII (right). The emission spectra were corrected for residual CD 
fluorescence. 
 
After the maximum emission intensity there was a decrease in the intensity, most likely 
related to aggregation effects and, therefore quenching of the LnIII-centered emission. The 
relative emission peak intensities and peak shapes of the emission spectra of the CDs:LnIII 
systems are different from the Ln(NO3)3 solutions, indicating a different environment 
around the metal ions, consistent with binding of the LnIII ions to the surface of the CDs 
(Figures 7a-b). 
a)  b)  
Figure 7. Emission spectra of the (a) CDs:EuIII (red line) compared with Eu(NO)3 (black line) and (b) 
CDs:TbIII (green line) compared with Tb(NO)3 (black line) obtained in acetonitrile at 298 K. 
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The average size and crystallinity of the CDs were unaffected following addition of LnIII 
salts (Figures 8a-b and insets) at 4.7±0.6 nm and 4.1±0.2 nm, for EuIII and TbIII, 
respectively. Powder X-ray diffractograms of the CDs and the CD:LnIII systems showed 
that the morphology of the CDs was unaffected by the addition of LnIII ions. The 
diffractograms show diffraction peaks that correspond to the (001) and (002) planes of a 
graphitic material (Figure 9).19, 38 
 
a)  b)  
Figure 8. TEM images of the (a) CDs:EuIII and (b) CDs:TbIII systems. Insets show the lattice spacing. The 
lattice spacing for the CDs:TbIII were not measured due to the low resolution of the image (Fig. 6b). 
 




The coordination of the LnIII ions to the CD surface was further supported by the shifts and 
changes in intensities of the carbonyl group in the 13C-NMR resonances of the analogous 
diamagnetic LaIII-CDs system and by the shift to lower wavenumbers of the (C=O) 
stretching frequency for the EuIII-CDs and TbIII-CDs systems (Figure 10 and Table 1).  
 
 
Figure 10. 13C-NMR spectra of the CDs (top) and CDs:LaIII system (bottom) in the the range 207 – 155 ppm 
in DMSO-d6. 
 
The excitation spectra of the CDs:LnIII system are composed of broad bands that match the 
absorption spectrum of the CDs (Figures 11 and 12). The absence of narrow transitions in 
the excitation spectra indicates that the sensitization by the CDs is more efficient than the 
direct f-f excitation. The emission spectra of the CDs:EuIII and the CDs:TbIII systems show 
the characteristic transitions 5D0  
7FJ (J = 0 – 4) for Eu
III and 5D4  
7FJ (J = 6 – 0) for 
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TbIII (Figure 11). The lack of fine structure for each 5D0  
7FJ transition, the low relative 
intensity of the 5D0  
7F0 and the high intensity of the 
5D0  
7F4 suggest that the Eu
III is 
inserted in a high symmetry microenvironment.39  
 
 
Figure 11. Excitation (left, black traces) and emission (right, red and green traces) spectra of the CDs:LnIII 
(LnIII = EuIII red, and TbIII green) systems obtained in acetonitrile at 298 K using the optimum CDs:LnIII ratio. 
 
The measured emission lifetimes for the EuIII and TbIII systems with CDs were 1.00 and 
0.63 ms, respectively (Table 2 and Figures 12a-b). The emission decay curves were fitted 
to first-order exponentials indicating the presence of only one LnIII environment in the 
system (Figures 12a-b). The quantum yields of emission determined for the CDs:LnIII 





Table 2. Emission lifetimes (), intrinsic (LnLn) and overall (LLn) quantum yields and sensitization efficiency 
(sens) of the CDs:LnIII systems. 
Systems  [ms] LnLn [%] LLn [%] sens [%] 
CDs:EuIII 1.000.02 20 0.170.01 0.85 
CDs:TbIII 0.630.03 - 1.430.51 - 
 
a) b)  
Figure 12. Emission decay curves for the a) CDs:EuIII and b) CDs:TbIII obtained in acetonitrile at 298 K.  
 
The efficiency of the CDs in sensitizing LnIII-centered emission was evaluated through the 
determination of the quantum yield for the sensitized emission (LLn) and the calculation 
of the sensitization efficiency (sens) of the CDs:EuIII system. The determined values of 
0.17% and 0.85% for the quantum yield and sensitization efficiency, respectively (Table 
2) indicates low sensitization efficiency. The inefficient sensitization can be attributed to 
the short-lived excited states of the CDs leading to low energy transfer rate to the emissive 
f excited states of the LnIII ions. It can also be attributed to the energy mismatch between 
the excited state energies of the CDs and that of the LnIII ions, which would hinder effective 





In summary, we have demonstrated that CDs sensitize LnIII-centered emission of LnIII ions 
bound to their surface. The low sensitization efficiency can be attributed to inefficient 
energy transfer caused, most likely, by the short-lived excited states of the CDs. 
Nonetheless, the use of CD platforms as LnIII sensitizers opens a new field of possibilities 
due to the easy and fast synthesis, and possible chemical modification of the surface of the 
CDs to introduce functional groups for better binding and also to improve the energy 
transfer to the LnIII ions. 
 
4.4 Experimental 
All commercially obtained reagents were of analytical grade and were used as received. 
The water used for the nanoparticle synthesis was purified with a Barnstead Nanopure 
Thermo Scientific system operating at 18.2 MΩ cm. The LnIII stock solutions were 
prepared by first drying the LnIII salts under reduced pressure and heating, followed by 
dissolving the dried salts in spectroscopy grade acetonitrile. The solutions were then 
titrated against EDTA (0.01 mol L-1) in 30% hexamine buffer (w/v) using xylenol orange 
as an indicator.40 
 
Synthesis of the CDs  
The CDs were synthesized following a modified literature procedure.41 P2O5 (2.421 g, 
17.05 mmol) was placed in a vial and a mixture of glacial acetic acid (1.0 mL, 17.05 mmol) 
and H2O (80 L) was quickly added. After 10 min, the resulting brown product was 
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dissolved in H2O and extracted with ethyl acetate. The organic phase was washed with 
brine and the solvent removed under reduced pressure to yield a brown oil (433 mg). 
 
Solutions for determination of the optimum ratio CDs:LnIII  
The CDs:LnIII systems were obtained by mixing different ratios of stock solutions of CDs 
(2.28 mg mL-1) and Ln(NO3)3 [La
III = 1.6 x 10-2 M, EuIII = 1.2x10-2 M and TbIII = 5.8x10-
2 M] and diluting to a final volume of 2.0 mL in acetonitrile, and stirring at room 
temperature for 16 h.  
 
Synthesis of the the CDs decorated with LnIII (LnIII = LaIII, EuIII or TbIII)  
Solutions with the optimum CDs:LnIII system ratio were prepared by mixing the CD stock 
solution (10 L) with 300 L for Eu(NO3)3 and 450 L for Tb(NO3)3 stock solutions and 
diluted to a final volume of 2.0 mL  in acetonitrile. The mixtures were stirred at room 
temperature for 16 h and then used for the measurements and characterizations. 
 
Photophysical characterization 
The UV-Vis absorption spectra of the CDs and the CDs:LnIII systems were obtained in 
acetonitrile using a Perkin Elmer Lambda 35 spectrometer. The photoluminescence data 
was obtained using a Fluorolog-3 spectrofluorimeter (Horiba FL3-22-iHR550), with a 
1200 grooves/mm excitation monochromator gratings blazed at 330 nm and a 1200 
grooves/mm emission monochromator gratings blazed at 500 nm. An ozone-free xenon 
lamp of 450 W (Ushio) was used as a radiation source. The excitation spectra were 
measured in the range 250-500 nm while the emission spectra were measured in the range 
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450-725 nm at right angle. All the excitation and emission spectra were corrected for 
instrumental function.  
The fluorescence quantum yields, , of the CDs were measured by comparing against a 
quinine sulfate ( ~ 55%, 5 x 10-6 M) standard in aqueous 0.5 M H2SO4 solution 
42. The 
quantum yields of emission of the CDs:LnIII systems were measured against Cs3[Eu(dpa)3] 
(dpa = dipicolinato,   24%, 1x10-4 M) and Cs3[Tb(dpa)3] (  22%, 1x10
-4 M) standards 
in aqueous TRIS/HCl buffered solution at pH 7.4.43, 44 Both samples and quantum yield 
standards were excited at the same wavelengths, which were chosen to ensure a linear 
relationship between the intensity of emitted light and the concentration of the 
absorbing/emitting species. The quantum yield of the samples was determined by the 








2 × 𝛷𝑠𝑡𝑑      Eq. 1 
Grad is the slope of the plot ‘Emission area vs Absorbance’, n is the refractive index of the 
solvent and  is the quantum yield for sample x and standard std. 





        Eq. 2 
Arad is the radiative emission rate (Equation 3) and Atot is the total emission rate (1/), where 
 is the observed emission lifetime). 




)      Eq. 3 
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Itot and IMD are the total integrated emission spectrum and the area of the 
5D0  
7F1 
transition, respectively, and AMD, 0 is Einstein coefficient of spontaneous emission (AMD, 0 
= 14.65 s-1).45 
The emission decay curves were obtained using a TCSPC system and a pulsed xenon lamp 
(150 W) as excitation source (for the LnIII emission) or a NanoLED (for the CD emission). 
The NMR spectra were recorded on Varian 400 or 500 MHz spectrometers with chemical 
shifts reported (, ppm) against TMS or DSS. The infrared spectra were recorded on a 
Nicolet 6700 FT-IR spectrometer using the ATR mode. Each spectrum was corrected for 
H2O and CO2 interference before acquisition with 64 scans at 4.0 cm
-1 resolution. LnCl3 
salts instead of Ln(NO3)3 salts were used to prepare the CDs:Ln
III systems in order to avoid 
the overlap between the C=O and NO3
- stretching vibrations. 
The CDs were prepared for TEM analysis by dispersing a small amount of the dots in 
acetonitrile followed by sonication for 10 min, after which a drop of the sample was 
deposited onto a 400 mesh copper carbon grid (SPI Supplies). The grid was dried before 
analysis using a JEOL-2100F field emission transmission electron microscope. 
The CDs or CDs:LnIII were deposited onto a silicon wafer and the sample analyzed using 
a Bruker D2 Phaser equipped with a Cu tube (K = 1.54184 Å) operating at a voltage of 
30 kV and a current of 10 mA. The integration time was set to 2.0 s at increments of 0.01o, 
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5 Sensitization of LnIII (Ln=Eu, Tb) ion luminescence by 
functionalized polycarbonate-based materials 
 
This work has been published in the European Journal of Inorganic Chemistry as 
“Sensitization of LnIII (Ln = Eu, Tb, Tm) Ion Luminescence by Functionalized 
Polycarbonate-Based Materials and White Light Generation” and can be accessed through 
the DOI: 10.1002/ejic.201700655. This chapter is a modification of the published paper.  
 
5.1 Introduction 
Displays based on organic light emitting diodes use organic compounds,1 metal 
complexes,2, 3 polymeric materials1 and semiconductor materials4 as the emissive layers. 
However, the emitting materials have reduced color purity due to vibrational broadening 
of their emission spectra, low emission efficiencies, there is difficulty in controlling the 
phase purity and size of the semiconducting materials, and a lack of long-term stability 
caused by photo-bleaching. Transition metals have also been incorporated to the main or 
side chains of the polymers to construct electro-phosphorescent polymers. However, their 
emission bands are still broadened (FWHM = 100 nm), therefore also showing poor color 
purity.5  
Lanthanide, LnIII, ions are emissive with high color purity due to narrow emission bands 
(FWHM = 5-10 nm), a result of the core nature of the 4f orbitals, which are shielded from 
the ligand environment by the filled 5s and 5p orbitals.6-8 The long luminescence lifetimes 
(s to ms) are a result of the parity forbidden nature of the f-f transitions.9, 10 The forbidden 
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nature results in inefficient direct excitation of the metal ion-centered emission.7 Thus, 
organic ligands are often used as optical antennae or sensitizers to transfer energy to the 
emissive excited states of the LnIII ion.7, 9, 10 In this process, often referred to as the antenna 
effect, the ligand absorbs energy, generating a singlet (1S) excited state. Aided by the heavy 
atom effect, the 1S state undergoes intersystem crossing to populate an excited triplet (3T) 
state, which then transfers energy to the LnIII ion; the latter subsequently luminesces.6 
Due to the unique optical properties of the LnIII ions, they can be incorporated into 
polymers that possess mechanical properties desirable for the design of hybrid luminescent 
materials for imaging applications.7, 8, 11 One of such polymers is polymethylmethacrylate 
(PMMA), as reported by Bonzanini12, 13, Wang14 and co-workers. However, brittleness and 
high water absorption are practical disadvantages of using PMMA as a matrix for doping 
LnIII ions.12 These challenges can be addressed by using polycarbonate (PC) as an 
alternative matrix. PCs are biodegradable, transparent, have low water absorption and 
possess high glass transition temperatures (Tg = 140-155
oC) that make PCs useful in the 
preparation of versatile materials.13, 15, 16 PC-based materials are studied due to their 
promising applications ranging from inkjet printing17, antimicrobial agents18-23, gas 
separation membranes24, antifouling agents22, 25, drug and gene delivery26, 27, electro-
optics28, 29 to their use in display applications such as polymer light-emitting diodes.30 
Recently, Xu, Li, Cai and co-workers20 synthesized amine-functionalized amphiphilic PCs 
that were shown to selectively disrupt the bacterial membranes of gram-positive bacteria. 
Yang and co-workers26 also prepared a biodegradable vitamin D-functionalized 
PC/polyethylene glycol-based supramolecular hydrogel capable of co-delivering antiviral 
and antifugal agents. PC-based materials offer a low-cost and large-scale fabrication of 
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display devices due to their high solution processability.5, 31 In addition, functionalized PCs 
can be easily synthesized via ring opening polymerization (ROP) of cyclic carbonate 
derivatives using organometallic or organic catalysts such as thiourea or amine derivatives 
to prepare polymers of narrow polydispersity indices (PDIs).32 For instance, Hedrick,18, 33-
35 Waymouth,36, 37 Yang21, 22, 27 and co-workers have extensively demonstrated the ROP of 
cyclic carbonates using thiourea or amine derivatives in single-step reactions to form PC-
based materials.  Therefore, these methods can be adopted to prepare functionalized PC-
based materials for luminescence applications. 
Most often, studies on LnIII luminescent PC materials involve the doping of the PC 
materials with EuIII ions.12, 13, 38-42 Rubira and co-workers13 showed that EuIII sensitization 
can be achieved by doping a blend of PC/PMMA with a EuIII acetylacetonato complex. 
However, this fast route to luminescent materials often leads to heterogeneous site 
distribution of the LnIII ions within the matrix that leads to a loss in the color purity of the 
material.43 Alternatively, Lu and co-workers16 prepared multifunctional PC films with PrIII 
ions coordinated through the carbonyl oxygen atoms; these materials showed sensitized 
PrIII-centered emission. Despite their intrinsic properties, these materials are interesting for 
a variety of applications, yet reports of luminescent PC materials with covalently attached 
LnIII chelating antennae remain scarce. 
Here, we describe the synthesis of new luminescent polymers with PC backbones to 
coordinate LnIII ions and sensitize their metal-centered luminescence.44 We isolated and 
characterized a pyridine-bis(ethyl)ester (BEP) and a pyridine-bis(diethylamide) (BDP) 
with appended cyclic carbonates via glycol chain monomers to enhance their solubility. 
The monomers were then co-polymerized with 2 kDa polyethylene glycol (PEG) to 
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generate the desired polymers via ROP, as outlined by Waymouth and co-workers.36 The 
photophysical properties of the polymers in the presence and absence of LnIII ions were 
evaluated to determine their ability to sensitize LnIII-centered emission. All materials were 
characterized by 1H NMR and FT-IR spectroscopy, size-exclusion chromatography (SEC), 
powder X-ray diffraction (XRD), thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC).  
 
5.2 Results and discussion 
In order to prepare the polymers, we utilized the procedure reported by Kawalec and co-
workers31 to prepare the cyclic carbonate monomer 1, as shown in Scheme 1. We reacted 
2,2-bisMPA with benzylbromide to form BOBn, which cyclized with ethyl chloroformate 
under basic conditions to form MTCOBn. The benzyl-protected MTCOBn was 
deprotected via hydrogenation to form 1. 
 
Scheme 1. Synthesis of the cyclic carbonate monomer 1. 
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In the process of synthesizing 1, single crystals of the intermediates BOBn and MTCOBn 
as well as of 1 were isolated. The single crystals were analyzed by X-ray diffraction to 
determine the structure of the molecules, their packing and the intra- and intermolecular 
interactions at play. The crystallographic and structure refinement data are summarized in 
Table 1. 
Colorless, needle-like crystals of BOBn were isolated from recrystallization in a 50% 
mixture of THF/EtOEt. It crystallizes in the monoclinic C2/n space group with unit cell 
dimensions a = 20.9788(8) Å, b = 6.1461(2) Å, c = 19.5958(8) Å, and  = 113.5785(6)o. 
Eight molecules of BOBn are present in the unit cell as shown in Figure 1a. Weak 
intramolecular and intermolecular hydrogen bonding interactions with D-H…A distances 
in the range 2.509 – 2.586 Å were observed in the structure and packing (Figure 1b).45 The 
intramolecular hydrogen bonding occurs between O1 and H10C and H12B, O2 and H8, 
O3 and H10A, as well as O4 and H11B (Figure 1b). The intermolecular hydrogen bonding 
is between O2 and H7A of parallel neighboring molecules of BOBn with a D-H…A 
distance of 2.339 Å (Figure 1b). Despite the phenyl rings in BOBn, no - interactions 
were observed, instead C-H… interactions with D-H… distances of 2.764 Å and 3.691 Å 







Figure 1. Thermal ellipsoid plot of a) the unit cell of BOBn and b) hydrogen bonding interactions with 





Figure 2. Thermal ellipsoid plot of BOBn showing intermolecular C-H... interactions with thermal ellipsoids 
at 50% probability. 
 
Table 1. Crystallographic and structure refinement data of BOBn, MTCOBn and 1. 
Compound BOBn MTCOBn 1 
Formula C12H16O4 C13H14O5 C6H8O5 
CCDC    
M/ g mol-1 224.25 250.24 160.12 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group C2/c P21/c P21/n 
a/ Å 20.9788(8) 13.6778(13) 6.0796(5) 
b/ Å 6.1461(2) 5.8069(6) 12.4839(12) 
c/ Å 19.5958(8) 14.7660(14) 9.2911(9) 
/ deg 90 90 90 
/ deg 113.5785(6) 91.7536(18) 104.427(6) 
/ deg 90 90 90 
V/ Å3 2315.70(15) 1172.2(2) 682.93(11) 
T/ K 100(2) 100(2) 100(2) 
Z 8 4 4 
Dc/ g cm
-3 1.286 1.418 1.557 
(Mo-K)/ mm-1 0.0225 0.109 0.139 








Reflections collected 26070 20239 8349 
GoF on F2 1.028 1.016 1.024 
R1, wR2 [I˃2r(I)] 
Largest diff. peak and hole/e 
0.0488, 0.1425 







Colorless, needle-like crystals of MTCOBn were isolated from recrystallization in a 50% 
mixture of THF/EtOEt. It crystallizes in the monoclinic P21/c space group with unit cell 
dimensions a = 13.6778(13) Å, b = 5.8069(6) Å, c = 14.7660(14) Å, and  = 91.7536(18)o. 
Four molecules of MTCOBn are present in the unit cell (Figure 3a). Weak intramolecular 
and intermolecular hydrogen bonding interactions with D-H…A distances in the range 
2.390 – 2.535 Å were observed in the structure and packing of MTCOBn (Figure 3b).45 
The intramolecular hydrogen bonding interactions occur between O2 and H7B and H11A, 
as well as O1 and H12B (Figure 3b). The intermolecular hydrogen bond interaction occurs 
between O5 and H11B of adjacent molecules with a D-H…A distance of 2.530 Å (Figure 
3b). Despite the phenyl rings in its structure, no - interactions were observed, instead C-






Figure 3. Thermal ellipsoid plots of a) unit cell of MTCOBn and b) hydrogen bonding interactions with 
thermal ellipsoids at 50% probability. 
 
Figure 4. Thermal ellipsoid plot of MTCOBn showing intermolecular C-H... interactions with thermal 
ellipsoids at 50% probability. 
 
Colorless plates of 1 were isolated from recrystallization in a 50% mixture of THF/EtOEt. 
1 crystallized in the monoclinic P21/n space group with unit cell dimensions a = 6.0796(5) 
Å, b = 12.4839(12) Å, c = 9.2911(9) Å, and  = 104.427(6)o. Four molecules are present 
in the unit cell of 1 (Figure 5a). Weak intramolecular and intermolecular hydrogen bonding 
interactions with D-H…A distances in the range 2.495 – 2.606 Å were observed (Figure 
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5b).45 Intramolecular hydrogen bond interactions occur between O5 with H2A and H5C, 
as well as between O4 and H4B (Figure 5b). The intermolecular hydrogen bonding 
involves interactions between H2B and O3 and O4 of neighboring atoms (Figure 5b).  
a)  
b)  
Figure 5. Thermal ellipsoid plots of a) the unit cell of 1 and b) hydrogen bonding interactions with thermal 
ellipsoids at 50% probability. 
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Using common synthetic procedures,33, 34 1 was coupled to either of the two newly 
synthesized glycol-appended chelators 2 or 3 to yield the new monomers 4 or 5, 
respectively (Scheme 2). They were characterized by 1H and 13C NMR spectroscopy 
(Appendix 1-4). 
 
Scheme 2. Synthesis of the BEP and BDP polymers, with m = 6 and 7, respectively. 
 
The BEP and BDP polymers (Scheme 2) were prepared by adopting a one-pot strategy 
used by Waymouth and co-workers36 to copolymerize cyclic carbonates containing a 
pendant dithiolane and PEG; a DBU/TU co-catalyst system was used to initiate ROP of 
trimethylene carbonate/dithiolane from telechelic PEG diols. The formation of the 
polymers was confirmed by 1H NMR spectroscopy (Figures 6a-b). The 1H NMR spectra 
showed proton resonances corresponding to the copolymerized PEG and carbonate-
functionalized BEP and BDP chelators (Figures 6a-b). 
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a)   
b)   
Figure 6. 1H NMR spectra with assignments of a) BEP and b) BDP in CDCl3. 
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The mass spectra of the polymers show broad peaks centered at 9107 m/z (BEP) and 9086 
m/z (BDP) that correspond to the polymeric materials (Figures 7a-b). The peak 
distributions in the range 1500 – 2500 m/z indicate the presence of the 2 kDa PEG used in 
the synthesis. The molecular weights of 9107 Da (BEP) and 9086 Da (BDP) with n = 42 
indicate m values of 8 for BEP and 7 for BDP.  
 
a) b)  
Figure 7. MALDI-TOFMS of the a) BEP and b) BDP polymers. 
 
Using SEC the average molecular weight (Mw), number average molecular weight (Mn), 
and the PDIs of the polymers were determined (Figures 8a-b and Table 2). Mw and Mn are 
7551 and 7331 Da for BEP and 8005 and 7797 Da for BDP, and correspond to PDI values 
close to 1, indicating homogenous distribution of the polymer weights (Table 2). The 2 
kDa PEG has a repeating unit number of 42, while the chelating units of the polymers have 
sequences, m, of 7 and 6 for the BDP and BEP polymers, respectively, as determined from 
their Mw values. The disagreement of these m values with those determined from the mass 




a)  b)  
Figure 8. Size-exclusion chromatograms of the a) BEP and b) BDP polymers (black lines) and their EuIII (red 
lines) and TbIII (green lines) systems. The negative peaks in each chromatogram at 22.0 min are due to DMF 
(blue lines). 
 
Table 2. The weight average molecular weight (Mw), number average molecular weight (Mn) and 
polydispersity indices (PDIs) of the polymers BEP and BDP and their LnIII systems determined by size-
exclusion chromatography. 
Sample Mw [Da] Mn [Da] PDI 
BEP 7462 7245 1.03 
EuIII-BEP 7667 7443 1.03 
TbIII-BEP 7487 7199 1.04 
BDP 8798 8625 1.02 
EuIII-BDP 8897 8723 1.02 
TbIII-BDP 8804 8631 1.02 
 
The FT-IR spectra show the pyridyl C=O stretching vibrations at 1747 and 1719 cm-1 for 
the BDP and BEP polymers, respectively. The C=O stretching vibration of the lactone unit 
appear at 1591 cm-1 for both polymers (Figure 9). The C-O stretching vibrations are at 1266 
and 1256 cm-1 for BDP and BEP, respectively, as shown in Figure 9, in analogy to what is 
seen for other PCs.16, 47 The absence of the pyridyl and lactone C=O stretches in the FT-IR 




Figure 9. FT-IR spectra of the BEP (blue line) and BDP (red line) polymers and PEG (black line) with 
vibrational assignments. 
 
Powder XRD analyses of the BEP and BDP polymers show broad amorphous peaks 
centered at 20o and 18o of 2, respectively (Figure 10), consistent with the structure of pure 
PC.48 The absence of crystalline PEG peaks in the 10-40o range in the diffractograms also 
indicates the successful synthesis of the PC-based materials.49 
 a)  b)  
Figure 10. Powder XRD diffractograms of the a) BEP and b) BDP polymers (black traces) and their EuIII (red 
traces) and TbIII (green traces) systems. 
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The thermal properties of the new polymers were evaluated by thermogravimetric analysis. 
The TG and DTG curves for both polymers show an initial weight loss at 100oC due to 
evaporation of water and/or loss of small organic groups (Figures 11a-b). Pyrolysis of the 
derivatives begins at 200oC, seen by the loss of the bulk weight that can be attributed to the 
cleavage of carbonate groups, while residual chars remain at 350oC.47 Compared to pure 
PEG, the polymers are less thermostable as pyrolysis of the former does not begin until 
after 300oC (Figures 11a-b). The Tgs of the polymers are -32
oC for BEP and -13oC for 
BDP, as determined from DSC measurements (Figures 12a-b), and are comparable to 
values reported for PCs derived from cyclic carbonates.31, 50, 51  
 
a) b)  





Figure 12. DSC curves of a) BDP and b) BEP polymers (black lines) and their EuIII (red lines) and TbIII (green 
lines) with glass transition temperature, Tg. 
 
The UV-Vis absorption spectra of both polymers lack a well-defined band, while the 
excitation spectra of the BEP and BDP polymers show bands with maxima at 289 and 314 
nm, respectively (Figure 13). Excitation of the polymers at these wavelengths leads to 
160 
 
emission in the range 300-500 nm with maxima at 346 nm and 365 nm for the BDP and 
BEP polymers, respectively (Figure 13).  
 
 
Figure 13. UV-Vis absorption (dashed), excitation (solid) and emission (dot-dashed) spectra of the BDP 
(black lines) and BEP (red lines) polymers in acetonitrile at 298 K. 
 
To prepare the LnIII-containing systems of the polymers we first determined the optimum 
LnIII/polymer ratio. This was accomplished by adding aliquots of a Ln(NO3)3 (Ln = Eu or 
Tb) acetonitrile solution to an acetonitrile solution of the BEP polymer and monitoring 
either the 5D0→
7F2 transition of Eu
III or the 5D4→
7F5 transition of Tb
III following excitation 
at 271 nm. These LnIII emission transitions steadily increase upon addition of the metal 
until they reach a plateau, followed by a decrease upon further metal addition (Figures 14a-
b). The optimum ratio of polymer to LnIII ions obtained from the titration experiments 




a) b)  
Figure 14. Titration of the BEP polymer with a) EuIII and b) TbIII in acetonitrile. [BEP polymer] = 0.04 
mg/mL, [Eu(NO3)3] = 2.09 x 10-2 M and [Tb(NO3)3 ] = 2.04 x 10-2 M. 
 
The optimum ratio was then used to prepare bulk amounts of the LnIII-containing systems 
of the polymers by stirring polymer solution with solutions of the nitrate salts of the LnIII 
ions in acetonitrile overnight. The solutions were used as prepared. The systems were 
characterized by SEC, powder XRD, TGA, DSC, 1H NMR of the analogous LaIII polymers 
and FT-IR spectroscopy. The coordination of the LnIII ions by the polymers is supported 
by 1H NMR spectroscopy, as the proton resonances of the ethyl groups of both BEP and 
BDP are shifted following coordination of the diamagnetic LaIII ions (Figures 15a-b). This 
is further corroborated by the shift of the pyridyl C=O stretching vibrations in the FT-IR 
spectra of the BDP and BEP polymers from 1747 and 1719 cm-1 to 1732 and 1738 cm-1, 










Figure 16. FT-IR spectra of the a) BDP and b) BEP polymers (black lines) and the EuIII (red lines) and TbIII 
(green lines) with assignments of the pyridyl and lactone C=O group vibrational frequencies. 
 
Analysis of the metal ion-containing polymers by SEC shows that the coordination of LnIII 
ions does not induce aggregation in the polymer samples, as the retention times are the 
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same as those of the free polymers (Table 2). This results in similar Mw, Mn and PDI 
values of the free polymers and their LnIII-containing systems (Table 2). Addition of the 
LnIII salts to the polymers leads to a shift of the diffraction peaks from 20o to 15o for the 
BEP polymer (Figure 10a), as a result of a change in the structural packing of the polymers, 
most likely caused by coordination of LnIII to the chelating units of the polymers.52 
However, no significant shift is observed in the diffractograms of the BDP polymer 
indicating that no structural changes of the BDP polymer occur following LnIII 
coordination (Figure 10b).52  
The thermal properties of the polymers and their LnIII systems were investigated by TGA 
and DSC. The 50% weight loss (T-50) of the BDP polymer shifts from 230
oC to 226 and 
224oC for the EuIII and TbIII systems, respectively (Figure 17). Similarly, the T-50 of the 
BEP polymer shifts from 203oC to 192 and 187oC for the EuIII and TbIII systems, 
respectively (Figure 17).  
 
a) b)  
Figure 17. TGA curves of the a) BDP and b) BEP polymers (black lines) and their EuIII (red traces) and TbIII 




The Tg of the BEP polymer shifts to higher temperatures after Ln
III salts were incorporated 
into the polymer. The Tgs of the Eu
III and TbIII systems of BDP polymer shift to -9 and -
10oC, respectively, from -13oC (Figure 12a). Similarly, the Tgs values of the Eu
III and TbIII 
systems of the BEP polymer shift to -7 and -8oC, respectively, from -32oC (Figure 12b). 
By contrast, Lu and co-workers16 observed a decrease in the Tg values of the PC films 
following coordination of PrIII ions while Forster and co-workers53 observed a decrease in 
the Tg values of PC films doped with a [Eu(tta)3(H2O)2] complex. We have attributed the 
decrease in the Tg values observed in our polymers to the Ln
III-complexes acting as a 
plasticizer, as seen also by Lu, Forster and co-workers.16, 53  
We isolated the analogous GdIII-polymer systems, which were used to determine the 
location of the 1S and 3T excited states (Table 3 and Figures 18a-b), through low 
temperature fluorescence and phosphorescence spectroscopy.54 The polymers have similar 
1S (~28,000 cm-1 for BEP and ~30,000 cm-1 for BDP) and 3T (~26,000 cm-1 for both BEP 
and BDP) energies; the 3T energies are adequately positioned to transfer energy to both 
EuIII and TbIII (Table 3).  
a) b)  
Figure 18. Time-resolved emission spectra of the GdIII-containing systems of a) BEP and b) BDP polymers 
in acetonitrile at 77 K. 
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Upon excitation of the LnIII-polymer (Ln = Eu, Tb) systems of BEP and BDP at 271 and 
276 nm, respectively, the typical 5D0→
7FJ (J = 0-4) Eu and 
5D4→
7FJ (J = 6-1) Tb transitions 
are observed, as seen in Figures 19 and 20. The red and green emission of EuIII and TbIII 
are also easily observed when the LnIII-containing polymers are irradiated at 254 and 
365 nm with a handheld UV-lamp, as shown by the photos in Figures 21a-b. Along with 
the fact that the absorption and excitation spectra overlap, this indicates that energy is being 
transferred from the PC materials to the LnIII ions (Figures 13, 19 and 20). Emission 
efficiencies are 30 and 31% for the EuIII and TbIII systems of BEP and 2% for both the EuIII 
and TbIII systems for BDP (Table 3). The BEP polymer is thus a better sensitizer of LnIII-
centered emission than the BDP polymer; this lower efficiency of sensitized emission is 
further corroborated by the presence of f-f transitions in the excitation spectrum of the EuIII-
system of BDP (Figure 19). 
 
Figure 19. Excitation (dot-dashed line) and emission (solid line) spectra of the EuIII (red traces) and TbIII 




Figure 20. Excitation (dot-dashed line) and emission (solid line) spectra of the EuIII (red traces), TbIII (green 
traces) and TmIII (blue traces) systems of the BEP polymer in acetonitrile at 298 K with assignment of the 
emission bands. 
 
 a)  b)  
Figure 21. Photographs of the LnIII-systems of the a) BEP and b) BDP polymers on a glass slide under UV-
lamp irradiation showing the plain polymer on top and the red EuIII, and green TbIII emissive polymers, 




Table 3. Singlet, 1S, and triplet, 3T, excited state energies, as well as the emission lifetimes, , and quantum 
yields of emission, , of the LnIII-polymer systems, determined in acetonitrile at 25.0±0.1 oC. The 1S and 3T 
excited state energies were measured using the GdIII systems at 77 K.54 








TbIII-BDP 1.621±0.001 2.3±0.4 
 
The emission lifetime decay curves of the LnIII-polymer systems were best fitted to first-
order exponentials, indicating the presence of only one LnIII coordination environment 
(Table 2 and Figures 22a-b and 23a-b). In addition, the emission lifetimes of the LnIII-BDP 
polymer systems are higher than those of the LnIII-BEP polymer systems, showing that 
quenching of the emission by high energy oscillators (O-H, C-H or N-H) is more 
competitive in the LnIII-BEP systems than in the case of the LnIII-BDP systems.7 Despite 
similar 3T energies of the polymers, only the BEP polymer is capable of sensitizing blue 
TmIII-centered emission, as can be seen from the band at 475 nm in Figure 20, 
corresponding to the 1G4→
1H6 transition.
55 Recently, our group reported the first example 
of a metallopolymer with norbornene-based backbone and pyridine-2,6-bis(oxazoline) 
pendants that sensitized blue TmIII-centered emission in the solid-state.56 Thus, the BEP 
polymer is another rare example of a polymer capable of sensitizing blue TmIII-centered 
emission. However, since the energy transfer is inefficient, the emission lifetime and 




a)   
b)   
Figure 22. The emission decay curves (left) and their linearizations (right) of the a) EuIII and b) TbIII systems 
of BDP polymer in acetonitrile. 
 
a)   
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b)   
Figure 23. The emission decay curves (left) and their linearizations (right) of the a) EuIII and b) TbIII systems 
of BEP polymer in acetonitrile. 
 
The ability of these systems to emit different colors prompted us to investigate the ability 
of a combined system for white light emission. The EuIII and TbIII-based systems were used 
as the red and green components, while the non-metal-containing polymers were used as 
the blue-emitting component.1, 57-60 The BDP polymer and its EuIII and TbIII systems with 
the composition BDP1Eu184Tb106, where the subscripts indicate the proportion of each 
component, result in a tuning of the color to yield a material with CIE coordinates (0.38, 
0.32) as shown in Figure 24. On the other hand, the BEP polymer with the composition 
BEP1Eu1.8Tb28 resulted in CIE coordinates (0.31, 0.33) typical of pure white light (Figure 
24).61, 62 The corresponding emission spectra of the tricolor systems (Figure 25) show the 
combined emission spectra of the polymer, EuIII-centered and TbIII-centered emissions, 
with the broad band of the BDP and BEP polymers from 375 to 450 nm, as well as the 
typical 5D0→
7FJ (J = 0-4) Eu
III and 5D4→






Figure 24. CIE chromaticity diagram (1931 CIE standard) of the LnIII systems of the BEP1Eu1.8Tb28 and 
BDP1Eu184Tb106 systems in acetonitrile. The inset shows the photographs of acetonitrile solutions of these 
systems, BEP (left) and BDP (right), under 254 nm UV irradiation. 
 
 
Figure 25. Emission spectra of the BEP1Eu1.8Tb28 (bottom trace) and BDP1Eu184Tb106 (top trace) LnIII systems 




Two new polycarbonate-based materials capable of chelating LnIII ions and sensitizing 
LnIII-centered emission were prepared. Of the two materials, the BEP polymer is a better 
sensitizer with emission efficiencies of 30 and 31% for EuIII and TbIII emission, 
respectively. The BEP polymer as well is capable of sensitizing blue TmIII-centered 
emission. The LnIII-centered sensitization ability of the polymers was further explored for 
white-color generation; the BEP1Eu1.8Tb28 system displays CIE coordinates (0.31, 0.33) 
and is thus a good white light emitter. 
These two new materials, and most notably the BEP-based material, have the potential to 
be used in multi-color displays as red, green and blue emitting LnIII-polymers, or in 
combination for white light generation. 
 
5.4 Experimental Section 
All the reagents used for the syntheses were used as received. All solvents were dried by 
standard methods and degassed with nitrogen prior to use. The 3,5-
bis(trifluoromethyl)phenyl-3-cyclohexylthiourea (TU) co-catalyst was prepared following 
reported procedures.33 All reactions were carried out under inert gas atmosphere unless 
otherwise indicated. The LnIII stock solutions were titrated against 0.01 M EDTA in 30% 
(w/v) hexamine aqueous buffer and using xylenol orange as the indicator.63 1H and 13C 
NMR spectra were recorded using a Varian NMR instrument operating at 400 or 500 MHz, 
and the samples referenced against tetramethylsilane [Si(CH3)4]. All chemical shifts, , are 
reported in ppm. All the infrared spectra were acquired using a Nicolet 6700 FT-IR 
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instrument in ATR mode. The spectra were collected in the 4000-600 cm-1 range at 4 cm-1 
resolution and 64 scans per spectrum. The instrument was corrected for CO2 and H2O 
before data acquisition. The data were collected on an instrument composed of a CTO-
20AC Prominence column oven and RID-10A Shimadzu refractive index detector at a flow 
rate of 1.0 mL/min and 40oC oven temperature. The calibration was done using polystyrene 
standards in THF. The electrospray ionization mass spectrometry (ESI-MS) data of the 
compounds was acquired with a Waters Micromass ZQ quadrupole in positive ion mode 
at low resolution. The polymer data were acquired on a Bruker Microflex system in linear 
positive mode. The polymer samples (1 mg/mL) and a universal matrix (3 mg/mL) were 
mixed in acetonitrile and applied on the target plate. After drying, a NaCl solution 
(2mg/mL) was applied to the same area on the target plate and dried. The TGA data were 
acquired on a Q50 TA instrument operating at 5oC/min in the range 20-500oC, while the 
DSC data were acquired on a Q20 TA instrument operating at 5oC/min in the range -60-
100oC. All data were collected under a nitrogen atmosphere at a flow rate of 40 mL/min. 
The samples were deposited onto the sample holder and analyzed using a Bruker D2 Phaser 
equipped with a Cu tube (K = 1.54184 Å) operating at a voltage of 30 kV and a current 
of 10 mA. The integration time was set to 0.5 s at increments of 0.01o, 15 rpm and the 
sample scanned in the range 5 – 80 of 2 with a 1.0 mm air scatter filter. The UV-Vis 
absorption spectra were recorded on a Perkin Elmer Lambda 35 UV-Vis spectrometer in 
the range 200 – 450 nm at a scan speed of 480 nm/min with 0.5 nm slits. 
Photoluminescence excitation and emission data were acquired on a Horiba Jobin Yvon 
Nanolog (iHR550) spectrophotometer equipped with a xenon 450 W lamp (Ushio). All 
spectra were collected at 25.0±0.1 oC and corrected for the intensity of the lamp. The LnIII 
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emission lifetimes were collected in TCSPC mode at 104 counts with 11 ms range. The 
polymer excited 1S and 3T energies were obtained from the fluorescence and 
phosphorescence spectra of the GdIII-containing systems at 77 K54 after deconvolution of 
the spectra into their Franck-Condon progressions. Also, the LnIII emission efficiencies, Φ, 
of the polymers were determined using Equation 1. 







2 )      Eq. 1 
Φ is the emission efficiency, m is the slope and n is the solvent refractive index. The 
subscripts ST and x denote the standard and polymer samples, respectively. Cs3[Eu(dpa)3] 
and Cs3[Tb(dpa)3] in 0.1 M buffered Tris/HCl (pH~7.4) aqueous solutions were used as 
standards. The emission efficiencies were 0.24 for the EuIII and 0.22 for the TbIII standards, 
respectively.64 The samples and standards were excited at 282 nm. 
 
Determination of optimum LnIII/polymer ratio 
3.5 mL of a BEP polymer solution [0.04 mg/mL] in acetonitrile was transferred to a 1-cm 
path length cuvette, followed by additions of 10 L aliquots of a 2.09 x 10-2 M Eu(NO3)3 
or 2.04 x 10-2 M Tb(NO3)3 solution. The solution was stirred for 2.5 min before acquisition 
of each data point. 
 
Preparation of the LnIII-containing polymers 
Typically, 1:2 LnIII-to-chelator stoichiometry of the Ln(NO3)3 [Ln = Eu, Tb, Tm, La or Gd] 
salt and polymer (BDP or BEP) were diluted to the 5-mL mark with acetonitrile in a 
volumetric flask, followed by stirring at 300 rpm overnight. The samples were then used 
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as prepared for solution studies or concentrated under reduced pressure to isolate the 
luminescent polymers for steady-state and 1H NMR studies. However, for FT-IR studies, 
the LnCl3 salts were used to avoid an overlap of the N=O and C=O vibrations of the nitrates 
and polymer, respectively, in the infrared spectra. 
 
The white color tuning experiments  
Typically, 500 L of the polymer sample was diluted to 3.5 mL with acetonitrile and 
transferred to a 1.0-cm path length cuvette. Aliquots of previously prepared LnIII-polymer 
systems were added and the mixtures vigorously mixed before data acquisition. The 
emission spectra were acquired and the spectral data used to obtain the CIE coordinates 
with the aid of the ColorCalculator software from OSRAM Sylvania, Inc. 
 
Synthesis of the monomers, LnIII-chelators and the polymers 
Synthesis of benzyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate31 [BOBn]  
10.080 g (75.2 mmol) 2,2-bisMPA and 4.429 g (78.9 mmol) KOH in 100 mL DMF were 
stirred at 100oC for 1 h, after which 11.0 mL (92.5 mmol) of benzylbromide was added and 
the mixture heated at 100oC overnight. The potassium salt was filtered off and the filtrate 
added to 200 mL of CH2Cl2, followed by washing with brine. The remaining clear liquid 
was evaporated to yield a clear oil that was set in an ice-bath to form white crystals of 
BOBn (3.565 g, 21%). 1H NMR (500 MHz) : 7.34 (5H, m), 5.21 (2H, s), 3.93 (2H, d, J = 





Synthesis of benzyl 5-methyl-2-oxo-1,3-dioxane-5-carboxylate31 [MTCOBn] 
3.270 g (14.6 mmol) benzyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate was added 
to 100 mL THF at 0oC before 7.0 mL (73.3 mmol) ethyl chloroformate was added. Next, 
10.5 mL (75.8 mmol) Et3N was added dropwise over 30 min and the mixture was allowed 
to stir at room temperature for 4 h, and subsequently filtered. The filtrate was evaporated 
to dryness under reduced pressure to yield a crude oil that was recrystallized from 1:1 
hexanes/ethyl acetate to give MTCOBn as white crystals (1.979 g, 54%). 1H NMR (500 
MHz) : 7.34 (5H, m), 5.22 (2H, s), 4.71 (2H, d, J = 10.9 Hz), 4.20 (2H, d, J = 10.7 Hz), 
1.33 (3H, s) ppm. 
 
Synthesis of 5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid31 [1] 
0.182 g 5% Pd/C and 1.391 g (5.56 mmol) MTCOBn were stirred in 100 mL methanol at 
room temperature under hydrogen atmosphere for 24 h and then filtered through THF-
wetted Celite. The filtrate was concentrated under reduced pressure to yield a white powder 
of 1 (0.829 g, 93%). 1H NMR (500 MHz) : 4.53 (2H, d, J = 10.4 Hz), 4.30 (2H, d, J = 










Synthesis of the glycol-appended LnIII-chelators 
 
Scheme 2. Synthesis of the appended ethylene glycol monomers. 
 
Synthesis of 2,6-bis(ethyl)ester-4-hydroxypyridine65 [BEPOH] 
Chelidamic acid (5.631 g, 28.0 mmol) was suspended in 50 mL ethanol and ~1 mL 
concentrated sulfuric acid was added. The reaction mixture was refluxed for 4 h after which 
the alcohol was evaporated under reduced pressure, followed by treatment with sodium 
bicarbonate to yield a white powder (6.002 g, 90%). 1H NMR (500 MHz, CDCl3) : 1.41 
(t, J = 7.1 Hz, 6H), 4.44 (q, J = 7.2 Hz, 4H), and 7.39 (s, 2H) ppm. 
 
Synthesis of 2,6-diethylamide-4-hydroxypyridine65 [BDPOH] 
AlCl3 (1.174 g, 8.80 mmol) was suspended in dry toluene (100 mL) and the flask cooled 
in an ice-bath. Next, 2.27 mL (22.0 mmol) diethylamine was added dropwise while the 
temperature was maintained below 25°C. The reaction mixture was stirred for 1 h, followed 
by the addition of 0.352 g (1.47 mmol) BEPOH under vigorous stirring. The resulting 
mixture was heated at 40°C overnight. The dark-red solution was poured into water and 
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extracted with DCM (100 mL x 2). The organic phase was treated with activated charcoal, 
dried over MgSO4 and concentrated under reduced pressure to yield a dark-red oil (0.221 
g, 51%).1H NMR (500 MHz, CDCl3) : 1.14 (t, J = 7.0 Hz, 6H), 1.25 (t, J = 7.1 Hz, 6H), 
3.33 (q, J = 7.0 Hz, 4H), 3.54 (q, J = 7.1 Hz, 4H), 10.45 (br 1H) and 7.03 (s, 2H) ppm.  13C 
NMR (100 MHz, CDCl3) : 11.18, 12.73, 14.19, 40.26, 42.51, 43.45, 111.74 and 168.81 
ppm. 
 
Synthesis of 2,6-bis(ethyl)ester-4-oxo-(-2-ethanol)pyridine [2] 
0.440 g (1.84 mmol) BEPOH and 0.280 g (2.02 mmol) K2CO3 were suspended in 30 mL 
acetonitrile, followed by the addition of 143.0 L (2.02 mmol) 2-bromo-ethanol. The 
mixture was refluxed overnight, filtered and the filtrate concentrated under reduced 
pressure to yield the desired product as a clear oil (0.443 g, 85%). 1H NMR (400 MHz, 
CDCl3) : 1.46 (t, J = 7.1 Hz, 6H), 2.00 (t, J = 6.2 Hz, 1H), 4.05 (dd, J = 10.6 Hz, 4.6 Hz, 
2H), 4.27 (m, 2H), 4.48 (q, J = 7.1 Hz, 4H) and 7.81 (s, 2H) ppm. 13C NMR (100 MHz, 
CDCl3) : 14.19, 60.72, 62.44, 70.24, 114.36, 150.17, 164.62 and 166.76 ppm. LRMS 
(ES+) calcd. for [M+H] 284.11, found 284.52. 
 
Synthesis of 2,6-bis(diethylamide)-4-oxo-(-2-ethanol)pyridine [3] 
BDPOH (25.0 mg, 0.0852 mmol) and 11.8 mg (0.0854 mmol) K2CO3 were stirred in 30 
mL acetonitrile for 30 min, followed by addition of 24.0 L (0.341 mmol) 2-bromoethanol. 
The mixture was refluxed overnight. The mixture was filtered and the filtrate washed with 
water and brine. The organic phase was dried over MgSO4, filtered and concentrated under 
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reduced pressure to yield a pale-yellow oil (44.0 mg). LRMS (ES+) calcd. for [M+H] 
338.21, found 338.77. 1H NMR (400 MHz, CDCl3) : 1.15 (t, J =7.1 Hz, 6H), 1.25 (t, J = 
7.1 Hz, 6H), 2.42 (t, J = 6.2 Hz, 1H), 3.35 (q, J = 7.1 Hz, 4H), 3.54 (q, J = 7.1 Hz, 4H), 
3.97 (m, 2H), 4.18 (m, 2H) and 7.15 (s, 2H) ppm. 13C NMR (100 MHz, CDCl3) 
ppm.  
 
Synthesis of monomers 4 and 5 
Synthesis of monomer 4 
0.502 g (3.12 mmol) 1 was dissolved in 20 mL THF while cooling in an ice-bath, followed 
by the addition of 0.644 g (3.15 mmol) dicyclohexylcarbodiimide (DCC). The mixture was 
stirred for 30 min until the anhydride was formed. Next, 0.804 g (2.84 mmol) 2 was added 
and the mixture stirred at room temperature overnight. The urea salt was filtered off and 
the filtrate concentrated under reduced pressure to yield a clear oil that was redissolved in 
DCM and cooled at -20oC overnight, followed by filtration. The filtrate was concentrated 
under reduced pressure to yield a yellow wax of the desired product. 1H NMR (400 MHz, 
CDCl3) : 1.38 (s, 3H), 1.46 (t, J = 7.1 Hz, 6H), 4.05 (m, 2H), 4.21 (d, J = 10.9 Hz, 2H), 
4.28 (m, 2H), 4.48 (q, J = 7.1 Hz, 4H), 4.72 (d, J = 10.9 Hz, 2H) and 7.82 (s, 1H). 13C 
NMR (100 MHz, CDCl3) : 14.20, 17.30, 55.02, 62.48, 64.77, 66.48, 69.04, 114.25, 
150.30, 155.76, 164.57, 166.40 and 173.80 ppm. LRMS (ES+) calcd. for [M+H] 426.14, 






Synthesis of 5 
18.5 mg (0.119 mmol) 1 was dissolved in 10 mL THF while cooling in an ice-bath, 
followed by the addition of 24.6 mg (0.119 mmol) DCC. The mixture was stirred for 30 
min until the anhydride was formed. Next, 40.0 mg (0.119 mmol) of 3 was added and the 
mixture stirred at room temperature overnight. The mixture was filtered through THF-
wetted Celite and the filtrate was stored at -20oC overnight. The urea salt was filtered off 
and the filtrate concentrated under vacuum to yield a clear oil that was redissolved in DCM 
and cooled at -20oC overnight, followed by filtration. The filtrate was concentrated under 
reduced pressure to yield a yellow wax of the desired product. 1H NMR (500 MHz, CDCl3) 
: 1.16 (t, J = 7.0 Hz, 6H), 1.25 (t, J = 7.1 Hz, 6H), 1.34 (s, 3H), 3.35 (q, J = 7.0 Hz, 4H), 
3.55 (q, J = 7.1 Hz, 4H), 4.20 (m, 2H), 4.33 (m, 2H), 4.58 (m, 2H), 4.69 (m, 2H) and 7.15 
(s, 2H) ppm. 13C NMR (100 MHz, CDCl3) : 12.73, 14.23, 17.36, 30.09, 40.26, 43.31, 
55.03, 60.85, 67.64, 69.76, 110.33, 155.24, 166.33 and 168.09 ppm. LRMS (ES+) calcd. 
for [M+H] 480.23, found 480.74. 
 
Synthesis of the BEP and BDP polymers 
Synthesis of BEP polymer36 
0.232 g (0.55 mmol) 4, 0.201 g (0.10 mmol) 2kDa PEG and 10.6 mg (28.7 mmol) TU were 
added to a 10-mL vial, 0.98 mL DCM was added. After complete solubilization, 4.2 mL 
(28.0 mmol) DBU was added. The vial was capped and the mixture stirred for 4 h. Excess 
benzoic acid was added to quench the reaction and diethyl ether added, followed by 
evaporation to yield a yellow oil. 1H NMR (400 MHz, CDCl3) : 1.31 (t, J = 7.2 Hz, 6H), 
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3.11 (q, J = 7.3 Hz, 4H), 3.64 (s, 30H), 4.05 (m, 2H), 4.27 (m, 2H), 4.47 (m, 4H) and 7.82 
(s, 2H) ppm.  
 
Synthesis of BDP polymer36 
360.7 mg (0.752 mmol) 5, 41.0 mg (0.021 mmol) 2kDa PEG and 14.1 mg (0.038 mmol) 
TU were added to a 10-mL vial, followed by the addition of 1.0 mL DCM. After complete 
solubilization, 5.7 L (0.038 mmol) DBU was added. The vial was capped and the mixture 
stirred for 4 h. Excess benzoic acid was added to quench the reaction and diethyl ether was 
added, followed by evaporation to yield a yellow oil. 1H NMR (400 MHz, CDCl3) : 1.15 
(t, J = 6.4 Hz, 6H), 1.26 (t, J = 7.1 Hz, 6H), 3.35 (q, J = 7.0 Hz, 4H), 3.55 (q, J = 7.0 Hz, 
4H), 3.65 (s, 8H), 3.78 (m, 2H), 4.19 (m, 2H), 4.70 (m, 2H) and 7.17 (s, 2H) ppm. 
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a)   
b)
Appendix 1. 1H and b) 13C NMR spectra of 2 in CDCl3. 
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a)   
b)  
Appendix 2. a) 1H and b) 13C NMR spectra of 3 in CDCl3. 
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a)   
b)  
Appendix 3. a) 1H and b) 13C NMR spectra of 4 in CDCl3. 
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a)   
b)  
Appendix 4. a) 1H and b) 13C NMR spectra of 5 in CDCl3. 
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6 Using functionalized polycarbonate-based materials to 




The unique optical properties of lanthanide(III) (LnIII) ions, such as their emission color 
purity, long-emission lifetimes (s to ms) and high emission efficiencies make these ions 
unique for application in solid-state lighting (SSL) materials.1, 2 The color purity stems 
from the fact that the 4f orbitals of LnIII ions are shielded from the ligand field by the filled 
5s and 5p orbitals, leading to narrow emission bands (FWHM = 10 nm).2-7 The emission 
arises from f-f transitions, which are forbidden by the Laporte parity rules, thus their long 
emission lifetimes.2-7 However, because the f-f transitions are forbidden, LnIII ions have 
low molar absorptivities ( = 1 M-1cm-1).2, 7 Therefore, direct excitation of the LnIII ions is 
inefficient, thus organic ligands are often used to coordinate the metal ions and sensitize 
their luminescence.2, 7 When excited, the organic ligand, transfers energy from its singlet 
1S excited level to the triplet 3T excited level via intersystem crossing.7 The energy is then 
transferred from the 3T excited level of the ligand to the emissive f excited levels of the 
LnIII ion.7 Organic ligands with 3T excited levels matched for optimum energy transfer to 
the f levels of the LnIII ion lead to improved efficiencies of the sensitized emission.8-11 
For SSL applications, materials are needed with high color purity, long luminescence 
lifetimes and high emission efficiencies.1, 12, 13 Single-component white phosphors are 
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optimized for 254-nm excitation, while commercially available high-efficiency UV LEDs 
used in the excitation of these phosphors operate in the excitation range 350 – 420 nm.12, 
14 Therefore, single-component phosphors that require pumping close to or in this range 
are desirable.12, 14, 15 As a result, LnIII-doped semiconducting NPs have been used as 
alternatives due to their broad excitation bands and size-dependent color tunable 
properties.14-17 However, most of these LnIII-doped NPs have low absorption cross-
sections. As a result, the LnIII-doped NPs often have low emission efficiencies since the 
efficiency of LED-pumped phosphors depends on the optical cross-section, radiative 
quantum yield and their ability to nonradiatively transfer energy to the excited f emissive 
levels of the LnIII ions.14  
Efforts to address the low absorption cross-sections of LnIII-doped NPs has led to research 
that involves the surface-functionalization of NPs with organic chromophores.12, 14 For 
instance, Strouse and co-workers14 have successfully passivated the surfaces of EuIII-doped 
Y2O3 NPs with 2,4-pentadionato (acac). The measured efficiencies of the acac-passivated 
EuIII-doped Y2O3 NPs were in the range 1-12% in the solid-state.
14 In another work, the 
authors passivated the surfaces of EuIII-doped ZnB2O4 (B = Al
III or GaIII) nanospinels with 
2-thenoyltrifluoroacetonato (tta). The measured emission efficiencies of the tta-passivated 
NPs were in the range 7-28% in toluene and 5-50% in the solid-state.12 The ZnB2O4 
nanospinels were used due to their high chemical, thermal and photostability, as well as 
their ease of synthesis.12, 18 
Despite the improved emission efficiencies of these ligand-passivated LnIII-doped NPs, 
their solubility is limited to just a few solvents such as toluene and dimethylformamide 
(DMF).14 Therefore, we decided to explore the use of a 2,6-pyridine-bis(ethyl)ester-based 
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polymer P(BEP-MTC) to passivate the surfaces of LnIII-doped (Ln = Eu, Tb or EuxTby) 
ZnAl2O4 NPs. We prepared the P(BEP-MTC) polymer following reported procedures
19, 20 
by Waymouth’s group20 and us19 via ROP polymerization of 2,6-pyridine-bis(ethyl)ester-
appended cyclic carbonate, BEPOEtOMTC, with a 2 kDa polyethylene glycol (PEG) as 
shown in Scheme 1. The PEG chain of the polymer enhances the solubility in a variety of 
solvents such as acetonitrile, DMF, toluene, tetrahydrofuran, methanol, acetone and 
water.21 The polymer was characterized by infrared, NMR, UV-Vis absorption, 
fluorescence spectroscopy, thermogravimetric analysis (TGA), differential scanning 
calorimetry and size-exclusion chromatography (SEC). Following the passivation of the 
NPs, the systems were similarly characterized by infrared, UV-Vis absorption, 
fluorescence spectroscopy, and TGA. 
 
 
Scheme 1. Synthesis of the P(BEP-MTC) polymer. 
 
6.2 Results and discussion 
The P(BEP-MTC) polymer shown in Scheme 1 was prepared using procedures19, 20 
described in Chapter 5. Analysis by infrared spectroscopy indicated the successful 
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synthesis of P(BEP-MTC) as the FT-IR spectrum was consistent with reported infrared 
spectra for polycarbonates (PCs) (Figure 1).22, 23 The vibrational bands at 1723 and 1593 
cm-1 were attributed to the carbonyl stretching vibrations of the lactone unit and pyridyl 
unit, respectively.  

































Figure 1. FT-IR spectra of the PEG and the P(BEP-MTC) polymer with vibrational assignments. 
 
The synthesis was also corroborated by proton NMR spectroscopy as resonances 
corresponding to the 2 kDa PEG and BEPOEtOMTC were observed in the spectrum 
(Figure 2). End-group analysis24 of the 1H NMR spectrum indicated that the average 
number-weight (Mn) was 8000 Da, which corresponds to m = 7 and n = 42. These values 
were in agreement with the values obtained from the SEC measurements. The average 
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molecular-weight (Mw) and Mn values determined from SEC were 8200 Da and 6450 Da, 
respectively, resulting in a PDI of 1.27 and m = 7 (Figure 3).  
 
Figure 2. 1H NMR spectrum of P(BEP-MTC) in CDCl3. 
 
Figure 3. SEC chromatogram of P(BEP-MTC) in DMF. The insert shows the calibration curve. 
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The response of P(BEP-MTC) to temperature was evaluated by TG and DTG. The curves 
of show a weight loss from 100 to 150oC due to evaporation of water and/or loss of small 
organic groups (Figure 4a).23 Pyrolysis begins at 200-350oC , which is indicated by the loss 
of the bulk weight attributed to the cleavage of carbonate groups, while residual chars of 
the derivatives remain beyond 350oC.23 The glass transition temperature (Tg) was 
determined to be -0.3oC from DSC measurements (Figure 4b), which is comparable to 
values reported for PCs derived from cyclic carbonates (-65oC to 17oC).25-27   
a)  
b)



























Figure 4. a) TG and DTG as well as b) DSC curves of P(BEP-MTC). 
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The polymer showed an absorption band at 278 nm, and excitation at this wavelength 
resulted in a bluish polymer emission in the range 300 – 525 nm with a sharp emission 
band at 304 nm attributed to -* transitions of the pyridine units (Figure 5). Bluish 
emission was also observed following irradiation of an acetonitrile solution of P(BEP-
MTC) under a 254-nm hand-held UV-lamp (Figure 5 inset). 
 
 
Figure 5. UV-Vis absorption (black line), excitation (red line) and emission (blue line) spectra of P(BEP-
MTC) in acetonitrile obtained at 298 K. The inset shows the sample under 254-nm UV-lamp irradiation. 
 
In order to measure the singlet, 1S, and triplet, 3T, excited levels, the GdIII-containing 
system28 was prepared by stirring optimum stoichiometric amounts (2 chelators per 1 LnIII, 
see Chapter 5) of Gd(NO3)3 salts and P(BEP-MTC) in acetonitrile overnight. The solution 
was then used as prepared to determine if the excited levels of P(BEP-MTC) are well 
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positioned to transfer energy to the 5D0 and 
5D4 emissive levels of Eu
III and TbIII ions, 
respectively. The 1S and 3T energies are 28900±20 and 24400±30 cm-1, respectively 
(Figures 6 and 7a-b). The  for 1S and 3T were 1510 cm-1 and 1489 cm-1, respectively, 
and correspond to the C=O stretching vibrations. 3T is thus well positioned to transfer 
energy to the emissive f excited states of EuIII and TbIII ions.29 
 






Figure 7. Deconvoluted a) fluorescence and b) phosphorescence spectra of the GdIII-containing P(BEP-




P(BEP-MTC) was used to coat LnIII-doped ZnAl2O4 nanospinels (NPs) by adopting the 
ligand exchange strategy reported by Murray and co-workers (Scheme 2).30 The NPs were 
obtained from Dr. Geoffrey Strouse’s group at Florida State University and they had the 
composition 4.23%Eu:ZnAl2O4, 2.09%Tb:ZnAl2O4 and 1.59%Eu, 0.91%Tb:ZnAl2O4. The 
surfaces of the NPs were passivated with oleylamine (OAm) and their morphology was 
indexed to a ZnAl2O4 with the absence of ZnO and Al2O3 impurities (Figure 8).
12  
 
Figure 8. Powder XRD diffractograms of the OAm-coated NPs. The diffractograms were acquired by David 
Hardy at Florida State University.  
 
The OAm-passivated NPs were treated with nitrosonium tetrafluoroborate (NOBF4) to 
remove the OAm groups. The NOBF4-treated NPs were purified by repeated washings with 
acetone and centrifuging to remove leftover OAm. Following this, the polymer-passivated 
NPs were prepared by stirring the polymer and NOBF4-treated NPs in 1:2 DMF/acetonitrile 
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mixture at 40oC for 30 min (Scheme 2). The polymer-coated NPs were isolated after 
repeated washings with acetone and centrifuging to remove unreacted polymer. 
 
Scheme 2. Polymer coating of the NPs. 
 
The removal of the OAm on the surface of the NPs was monitored using infrared 
spectroscopy. Prior to the ligand exchange reaction the characteristic symmetric (2853 cm-
1) and asymmetric (2923 cm-1) C-H vibrations and N-H (1560 cm-1) vibrations of OAm 
were observed in the FT-IR spectra of the OAm-coated NPs (Figure 9a-c).12, 30 However, 
these vibrations were absent in the FT-IR spectra of the NOBF4-treated NPs following the 
reaction, indicating that the OAm was successfully displaced. The vibration band at 1642 
cm-1 was attributed to the C=O vibration of acetone on the surface of the NOBF4-treated 
NPs. However, no NO+ (2100-2200 cm-1) or B-F vibrations (1084 cm-1) were observed 
opposed to what was seen by Murray and co-workers.30 However, Strouse and co-
workers12 reported the absence of NO+ and B-F vibrations in the infrared data. The broad 
































































































































Figure 9. FT-IR spectra with vibrational assignments of the OAm-coated NPs (black line), NOBF4-treated 
NPs (red line), polymer-coated NPs (blue line) and the polymer (green line). 
 
The as received OAm-coated NPs were dispersed in acetonitrile to make 0.3 mg/mL 
solutions and used as prepared. The excitation spectra of the OAm-coated NPs extend from 
250 to 400 nm with a broad band at 285 nm and no observable direct f-f transitions (Figure 
10). Excitation at 285 nm resulted in typical red 5D0→
7FJ (J=0-4) transitions of Eu
III and 
green 5D4→
7FJ (J=6-3) transitions of Tb
III. The emission decay curves were fitted to bi-
exponential functions that correspond to surface (short lifetimes) and core (long lifetimes) 
emissions (Table 1).31, 32  
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Figure 10. Excitation and emission spectra of the OAm-coated NPs in acetonitrile. 
 
Table 1. Emission lifetimes, , of the OAm-coated NPs in acetonitrile obtained at 25.0±0.1 oC. 









Following the coating of the NPs, the polymer was centrifuged and washed with acetone 
to remove unreacted polymer. The remaining polymer-coated pellet was dried under 
vacuum at room temperature to form a powder. The excitation spectra of these samples in 
the solid-state extend from 250 to 400 nm with maxima at 265, 272 and 281 nm for the 
1.59%Eu0.91%Tb, 2.09%Tb and 4.23%Eu samples, respectively (Figure 11). In addition, 
the typical 5D0→
7FJ (J=0-4) transitions of Eu
III and 5D4→
7FJ (J=6-3) of Tb
III were observed 
203 
 
following excitation of the polymer-coated NPs at their respective excitation wavelengths 
(Figure 11).  
 
Figure 11. Solid-state excitation and emission spectra of the polymer-coated NPs. 
 
The isolated powdered polymer-coated NPs were soluble in acetonitrile, thus, 0.3 mg/mL 
acetonitrile solutions of the NPs were prepared. Similar results were observed for these 
acetonitrile solution samples, except that all the samples had excitation maxima at 282 nm, 
corresponding to the -* transitions of the pyridyl units of the polymer (Figure 12). The 
overlap of the excitation spectra of the polymer-coated samples with the polymer 
absorption spectrum indicates that energy was transferred from the polymer to the host-
lattice and subsequently, energy transfer to the embedded LnIII ions leading to the metal-
centered emission.33 Furthermore, the absence of direct f-f transitions in the excitation 
spectra indicates that the polymer could efficiently transfer energy to the embedded LnIII 
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ions. This is corroborated by the observed enhancement LnIII-centered emission under 254-
nm UV-lamp irradiation both in the solid-state and in solution (Figures 13a-b). 
 
 
Figure 12. Excitation and emission spectra of the polymer-coated NPs in acetonitrile. The inset shows from 
left to right, the 4.23%Eu, 2.09%Tb and 1.59%Eu, 0.91%Tb samples under UV-irradiation. 
 
a)  b)  
Figure 13. Images of the OAm-coated (left), NOBF4-treated (middle) and polymer-coated (right) 4.23%EuIII-
doped NPs in a) solid-state and b) acetonitrile under a) ambient light (top) and 254-nm excitation (bottom) 
and b) 254-nm excitation. 
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Analysis of the emission decay curves of the polymer-coated NPs indicated the presence 
of two species of LnIII ions; core (long-lived) and surface (short-lived) LnIII ions embedded 
in the host-lattice (Figures 14 and 15). The emission lifetimes of the solid-state samples 
were shorter than the solution samples (Table 2), due to aggregation effects in the solid 
samples.34 In contrast, mono-exponential fitted decay curves were reported by Strouse and 
co-workers12 for 1.0 – 15.6% EuIII-doped ZnAl2O4 NPs. Not only were the reported 
lifetimes mono-exponential but the emission lifetimes (0.50 – 0.53 ms) were significantly 
lower than our findings (0.61 – 1.19 ms for the surface states and 1.75 – 2.54 ms for the 
core states). This suggests that P(BEP-MTC) enhances the sensitization of the doped-LnIII 
ions better than the tta ligand used in the literature study.12 Comparison of the emission 
lifetimes of the OAm-coated NPs (Table 1) to those of the polymer-coated NPs (Table 2) 
showed an increase in the lifetimes following polymer-coating. Emission efficiencies of 
44, 34 and 28% were measured for the polymer-coated 4.23%Eu-doped, 2.09%Tb-doped 
and 1.59%Eu, 0.91%Tb-doped NPs in acetonitrile, respectively. These emission 
efficiencies are higher compared to other surface capped LnIII-doped NPs such as tta-
capped EuIII-doped YPO4 NPs (0.7% in pyridine),
35 tta-capped EuIII-doped ZnAl2O4 (7-
28% in toluene),12 acac-capped EuIII-doped Y2O3 NPs (11-19% in the solid-state).
14 The 
enhanced lifetimes and quantum efficiencies indicate that the polymer is an efficient 




a)  b)  
Figure 14. a) Emission decay curves and b) linearizations of the LnIII-doped polymer-coated NPs in 
acetonitrile. 
 
a)  b)  









Table 2. Emission lifetimes, , radiative emission lifetimes, rad and intrinsic quantum efficiencies, 𝜙𝐿𝑛
𝐿𝑛, of 
the polymer-coated NPs in acetonitrile and in the solid-state at 25.0±0.1 oC. 














    















𝐿  [%] 43.8±11.1 33.5±3.5 28.2±1.3 
 
To test solubility in aqueous environments, the polymer-coated 2.09%Tb NPs were 
dispersed in water and deuterium oxide (D2O). Excitation of the samples at 278 nm resulted 
in the observation of typical green 5D4→
7FJ (J=6-3) transitions of Tb
III emission (Figure 
16a). Furthermore, the absence of direct f-f transitions in the excitation spectra indicate that 
the polymer could efficiently transfer energy to the embedded LnIII ions even in aqueous 
conditions. The fluorescence background in the range 400 – 475 nm is due to a combination 
of emissions from Al-O traps and the polymer.12 
Taking advantage of Horrocks’ equation (Equation 1), we determined the number of water 
molecules, q, coordinated to the surface LnIII ions. 
 𝑞 = 𝐴(𝜏𝐻2𝑂
−1 − 𝜏𝐷2𝑂
−1 ) Eq. 1  
A is a coefficient with values of 1.05 for EuIII and 4.2 for TbIII, respectively.36  is the 
emission lifetime and the subscripts indicated the solvent and its deuterated form.37 
Emission lifetimes of 0.53±0.02 ms and 0.89±0.05 ms were determined for the H2O and 
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D2O samples of the polymer-coated NPs, respectively (Figure 16b). The q value 
determined was 3.3±0.1, indicating that on average 3 water molecules are coordinated to 




Figure 16. a) Excitation and emission spectra and b) emission decay curves of polymer-coated 2.09%TbIII-
doped NPs systems in H2O (black) and D2O (blue) obtained at 298 K. 
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Thermal analysis of the polymer was conducted following coating of the NPs (Figures 17a-
c). There was an initial weight loss at 75oC due to evaporation of water, while 
decomposition of the polymer was observed at 300oC. At least 50% of the sample weight 






Figure 17. TG and DTG curves of the polymer-coated a) 4.23%Eu NPs, b) 2.09%Tb NPs and c) 1.59%Eu, 
0.91%Tb NPs. 
 
6.3 Conclusions  
We successfully passivated the surfaces of LnIII-doped ZnAl2O4 NPs with a 2,6-
bis(ethyl)ester-functionalized polycarbonate-based polymer. The excitation wavelengths 
of the NPs were red-shifted from 254 nm to the range 265 – 280 nm following coating with 
the polymer. It was determined that the passivation of the NP surfaces with the polymer 
improved the emission lifetimes and intensity of the LnIII-centered emission. The emission 
lifetimes were fitted to bi-exponential decays and were in the range 0.61 – 1.19 ms for the 
surface LnIII ions and 1.75 – 2.54 ms for the core LnIII ions. The emission efficiencies for 
the 4.23%Eu NPs, 2.09%Tb NPs and 1.59%Eu, 0.91%Tb NPs were 44%, 34% and 28%, 
respectively. The solubility of the NPs was also enhanced after polymer passivation. 
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Therefore, these new composite materials could serve as new phosphors for application in 
the solid-state lighting. 
 
6.4 Experimental 
6.4.1 Experimental details 
All reagents used for the syntheses were used as received. All reactions were carried out 
under inert gas atmosphere unless otherwise indicated.  
 
NMR spectroscopy: 1H and 13C NMR spectra were recorded using a Varian NMR 
instrument operating at 400 or 500 MHz, and the samples referenced against 
tetramethylsilane [Si(CH3)4]. All chemical shifts, , are reported in ppm. 
 
Infrared spectroscopy: Infrared spectra were acquired using a Nicolet 6700 FT-IR 
instrument in ATR mode. The spectra were collected in the 4000-600 cm-1 range at 4 cm-1 
resolution and 64 scans per spectrum. The instrument was corrected for CO2 and H2O 
before data acquisition. 
 
Photoluminescence spectroscopy: The photoluminescence spectra were acquired on a 
Horiba Jobin Yvon Nanolog equipped with a 450 W ozone-free xenon lamp and the spectra 
were corrected for the for the lamp background. All the spectra were acquired at 25.0±0.1 
oC. The emission lifetimes were acquired in time-correlated single photon counting mode 
(TCSPC) in the range of 22 ms and count limit of 104. 
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Thermogravimetric analysis (TGA) and differential scanning calorimetry DSC): The 
TGA data were acquired using a TA50 instrument operating at 10oC/min under a 40 
mL/min nitrogen flow rate in the range 25oC to 500oC. The DSC data were acquired using 
a TA20 instrument operating at 10oC/min under a 40 mL/min nitrogen flow rate in the 
range -60oC to 100oC. 
 
6.4.2 Polymer synthesis 
The P(BEP-MTC) polymer was synthesized following reported procedures19, 20, 25 and as 
described in the experimental section of Chapter 5 (vide supra). The oleylamine (OAm)-
coated ZnAl2O4 nanospinels were prepared by David Hardy at Florida State University 
following a reported procedure.12 
 
6.4.3 Coating of the LnIII-doped NPs with the polymer 
Removal of OAm 
2.09%Tb:ZnAl2O4 NPs 
0.240 g of NOBF4 in 10 mL DCM was added to 0.050 g of the NPs in 10 mL hexanes, 
followed by stirring the mixture for 10 min. The NPs were isolated by centrifuging at 2 x 
104 gs for 10 min and washing twice with acetone, followed by drying under vacuum to 
give the NPs as white powder (22.5 mg). 
 
4.23%Eu:ZnAl2O4 NPs 
0.240 g of NOBF4 in 10 mL DCM was added to 0.050 g of the NPs in 10 mL hexanes, 
followed by stirring the mixture for 10 min. The NPs were isolated by centrifuging at 2 x 
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104 gs for 10 min and washing twice with acetone, followed by drying under vacuum to 
give the NPs as white powder (25.3 mg). 
 
1.59%Eu0.91%Tb:ZnAl2O4 NPs 
0.240 g of NOBF4 in 10 mL DCM was added to 0.050 g of the NPs in 10 mL hexanes, 
followed by stirring the mixture for 10 min. The NPs were isolated by centrifuging at 2 x 
104 gs for 10 min and washing twice with acetone, followed by drying under vacuum to 




0.112 g of polymer (Mw = 8837 Da) in 2 mL acetonitrile and 22.5 mg of the OAm-
displaced NPs were stirred in ~1 mL DMF for 30 min at 40oC, followed by precipitation 
of the NPs with acetone and the NPs isolated by centrifuging at 2 x 104 gs for 10 min and 
washing with acetone. The isolated NPs were dried under vacuum. 
 
4.23%Eu:ZnAl2O4 NPs 
0.125 g of polymer (Mw = 8837 Da) in 2 mL acetonitrile and 25.3 mg of the OAm-
displaced NPs were stirred in ~1 mL DMF for 30 min at 40oC, followed by precipitation 
of the NPs with acetone and the NPs isolated by centrifuging at 2 x 104 gs rpm for 10 min 






0.161 g of polymer (Mw = 8837 Da) in 2 mL acetonitrile and 32.3 mg of the OAm-
displaced NPs were stirred in ~1 mL DMF for 30 min at 40oC, followed by precipitation 
of the NPs with acetone and the NPs isolated by centrifuging at 2 x 104 gs for 10 min and 
washing with acetone. The isolated NPs were dried under vacuum. 
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7 Conclusions and future directions 
New nanoparticle (NP)-based, polymer-based and nanoparticle-polymer composite LnIII-
containing materials were prepared and their structural and photophysical properties 
investigated.  
In the first part of this work we isolated ZnS NPs and used them to sensitize the 
luminescence of LnIII ions. We synthesized two new thiol-terminated ligands, 2,6-
bis(diethylamide)-4-oxo-(-3-thiopropane)pyridine (BDP) and 2,6-bis(methyl)ester-4-oxo-
(-3-thiopropane)pyridine (BMP). Both BDP and BMP sensitized visible LnIII-centered (Ln 
= Eu or Tb) emission with efficiencies in the range 12 to 23%. We then capped ZnS NPs 
with the nonchromophore, 3-mercaptopropionate (3-MPA), BDP and BMP. The BMP-
capped NPs were saponified to yield 2,6-bis(dicarboxylato)-4-oxo-(-3-
thiopropane)pyridine (DCP). The isolated NPs had average diameters in the range 2 – 4 
nm, and they were determined to be crystalline with cubic phase morphology. Following 
decoration of the ligand capped NPs with visible LnIII (Ln = Eu and Tb) ions, they were 
excited at their maximum wavelengths of absorbance, which resulted in the sensitized 
emission of LnIII ions. The fact that the excitation spectra of the LnIII NPs systems overlap 
the absorption spectra of the NPs, especially in the case of the 3-MPA systems, indicated 
that the metal-centered emission is a result of energy transfer from the NPs to the LnIII ions 
with efficiencies in the range 0.01 – 0.79%. In each case, the EuIII ions were better 
sensitized than the TbIII ions, except in the case of the BDP LnIII systems where the TbIII 
ions were better sensitized. Despite the low emission efficiencies, this work demonstrated 
the first example of surface LnIII sensitization using a non-chromophore such as 3-MPA. 
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Through this work, we provided new insights into NP-LnIII ion interaction and energy 
transfer for potential imaging and sensing applications. 
With the goal of sensitizing near-infrared (NIR) emitting LnIII ions, we prepared crystalline 
3 – 5 nm sized, cubic phase 3-MPA-capped CdS NPs and decorated their surfaces with 
NIR emitting LnIII ions (Ln = Yb or Nd). We chose CdS due to its narrow band gap (2.4 
eV) compared to the wide band gap (3.6 eV) of ZnS. Upon excitation of the LnIII-decorated 
CdS NPs, typical f-f transitions of YbIII- and NdIII-centered emissions were observed. 
Along with the fact that the absorption and excitation spectra of the LnIII NP systems 
overlapped, this indicates that energy was transferred from the NPs to the coordinated LnIII 
ions. The metal-centered emission efficiencies were in the range 0.01 – 0.02%. 
Both, ZnS and CdS NPs were used to sensitize the metal-centered emission of visible and 
NIR LnIII ions, respectively. Due to the toxicity of these NPs, we decided to explore the 
possibility of using less toxic carbon-based NPs to sensitize the luminescence of the ions. 
Toward this goal, we prepared 4 – 5 nm sized, monodisperse fluorescent carbon dots (CDs) 
with surface functionalizing groups that can coordinate LnIII ions. Thus, the surfaces of the 
CDs were decorated with LnIII ions, and upon excitation at a wavelength of CD absorption, 
metal-centered luminescence was observed. This indicated that energy was transferred 
from the CDs to the coordinated LnIII (Ln = Eu or Tb) ions. The metal-centered efficiencies 
were 0.17% and 1.43% for the EuIII and TbIII systems, respectively. This work represents 
the first use of CDs to sensitize surface-coordinated visible-emitting LnIII ions. The work 
done on using NPs such as ZnS, CdS and CDs to sensitize the metal-centered luminescence 
of LnIII ions, provides new LnIII-containing luminescent materials for imaging applications, 
while increasing our understanding on NP-LnIII ion interaction.  
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In the second part of this work, we used functionalized polycarbonate (PC)-based materials 
to chelate LnIII (Ln = Eu, Tb or Tm) ions and sensitize their luminescence. Two new 
functionalized PC materials were synthesized via ring-opening polymerization of either 
2,6-bis(diethylamide)-appended cyclic carbonate or 2,6-bis(ethyl)ester-appended cyclic 
carbonate in the presence of polyethylene glycol to form the 2,6-bis(diethylamide)-
functionalized PC (BDP) or the 2,6-bis(ethyl)ester-functionalized PC (BEP), respectively. 
The glass transition temperatures (Tgs) of BDP and BEP were -13 
oC and -32 oC, 
respectively. Both BDP and BEP were then used to coordinate LnIII ions, and the metal-
centered luminescence of the LnIII ions was observed following excitation of BDP and 
BEP. Emission efficiencies of 30 to 31% were measured for the BEP-LnIII systems, while 
emission efficiencies of 2% were measured for the BDP-LnIII systems. Thus, BEP was a 
better sensitizer of LnIII-centered emission than BDP. In addition, only BEP was capable 
of sensitizing blue TmIII-centered emission, thus serving as a new example of a material 
capable of sensitizing TmIII-centered emission. The Tgs of BDP shifted to -9 
oC and -10 oC 
for the EuIII and TbIII systems, respectively. Similarly, the Tgs of BEP shifted to -7 
oC and 
-8 oC for the EuIII and TbIII systems, respectively. With the goal of generating white light, 
we prepared systems with the compositions BEP1Eu1.8Tb28 and BDP1Eu184Tb106 that led to 
the CIE coordinates (0.31, 0.33) and (0.38, 0.32), respectively. These new materials, 
especially the BEP-based material, have the potential to be used multicolor displays as red, 
green and blue emitters, or in combination for white light generation. The successful 
incorporation of PEG into the PC backbone to yield a completely amorphous material also 
opens the door for the use of these new materials as solid polymer electrolytes (SPE) in 
lithium ion batteries. An ideal material for SPE application should possess ion coordination 
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sites, be purely amorphous and possess a flexible chain with negative Tg.
1-4 The BDP and 
BEP polymers meet all of these requirements, thus the possibility of using the polymers as 
SPEs. Different molecular weights of PEG could also be incorporated into the PC-based 
materials to form polymers with tunable refractive indices for electrical and optical 
applications.5  
In the final part of this work, the same functionalized PC-based material BEP was used to 
passivate the surfaces of LnIII-doped ZnAl2O4 NPs and sensitize the emission of the Ln
III 
ions. The metal-centered emission and the emission lifetimes of the NPs were enhanced 
following passivation of the NPs with the BEP polymer. Emission efficiencies of 44%, 
34% and 28% were determined for the NPs containing 4.23% Eu, 2.09% Tb and 1.59% 
Eu, 0.91% Tb, respectively. The polymer-passivated NPs were soluble in water, which 
solves a major challenge in the use of these phosphors in solid-state lighting materials. 
Therefore, the enhanced emission and solubility of the NPs after coating with the newly 
synthesized BEP polymer shows that this new composite material can be used for imaging 
applications in aqueous conditions. 
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